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ABSTRACT
Extreme environmental conditions in northern regions slows efforts to remediate petroleum 
hydrocarbon (PHC) contaminated soils through conventional landfarming practices.  Thus, 
cost-effective soil remediation strategies that are active under frozen conditions and specific to 
cold regions are in strong demand.  Biochar amendments have been added to soil to sequester 
carbon, immobilize organic contaminants, and improve long-term soil productivity; however, 
there is little information regarding their use and effectiveness under cold climate conditions.  
The purpose of this research was to determine if locally produced biochars can enhance PHC 
degradation at northern landfarms.  This was accomplished by examining biochar additions to 
PHC contaminated soils under laboratory and field conditions.  The degradation of F2 and 
F3-PHCs increased in bonemeal biochar-amended soils incubated under frozen conditions, but 
there was little difference in PHC degradation between biochar-amended and control soils under 
field conditions.  Biochars selectively increased nutrient availabilities, but results varied between 
study location and year.  Certain biochars increased liquid water content (θliquid), soil 
temperature, and pH, but this was dependent on factors such as incubation temperature, biochar 
feedstock, and application method.  A combination of increased aromatic (C2,3O and nahAc) 
functional gene abundance and total PHC-degraders was linked to the reduction of F3-PHCs in 
bonemeal biochar-amended soil incubated under frozen conditions.  Bone-derived biochars 
stimulated PHC degradation and influenced the physical, chemical, and biological properties of 
soil to a greater extent than wood-derived biochar, which was linked to inherent physicochemical 
properties of biochar such as ash content, pore size, pore volume, and surface area.  Incorporated, 
rather than injected, fertilizer and/or biochar slurries effectively enhanced F2 and F3-PHC 
degradation, NO3--N availability, θliquid, and aromatic catabolic gene abundance in field studies.  
Charosphere soil, which immediately surrounds biochar particles, was identified as a spatially 
unique niche that supported higher 13C-phenanthrene mineralization, aromatic catabolic gene 
abundance, and relative abundances of PHC degrading bacteria (i.e., Bosea and Caulobacter).  
This research provides evidence that bone-derived biochars selectively enhanced PHC 
degradation and improved several physical, chemical, and biological properties of northern soils. 
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1. GENERAL INTRODUCTION
Petroleum hydrocarbons (PHCs) are commonly used by humans inhabiting northern 
regions for power generation, heating and transportation (Snape et al., 2001; Aislabie et al., 
2006).  Widespread PHC contamination can result from infrastructure failure, human error, or 
natural hazards (Snape et al., 2008).  This is of concern on both local and global scales as PHC 
contamination can have a deleterious effect on human and ecological health.  Human health is 
affected by PHCs in different ways; some compounds attack the central nervous system while 
others can affect the blood, immune system, liver, spleen, kidneys, and lungs (CCME, 2008).  
Certain PHCs can also be persistent, water soluble contaminants that are potentially toxic to 
terrestrial flora and fauna (Adam and Duncan, 1999; MacKinnon and Duncan, 2013).  These 
types of adverse health and ecological effects are dependent on the types of chemicals present in 
PHCs, exposure time, and frequency of exposure.  Petroleum hydrocarbons are naturally 
occurring chemicals; therefore, microorganisms which are capable of degrading PHC 
compounds exist in the environment. 
In northern regions, bioremediation can be a challenging process.  Soils are often limited 
by water availability, nutrient availability, reduced microbial abundance and activity, and low 
organic matter content (Mohn and Stewart, 2000).  Several psychrotolerant microbial species, 
indigenous to cold regions, have been isolated, identified, and shown to possess biodegradative 
function (Yu et al., 2000).  The degradation of PHCs can be enhanced by understanding how the 
combination of specific soil properties and environmental conditions influence factors that 
regulate microbial activity.  Ex-situ remediation techniques are used to manage PHC 
contaminated soils in harsh northern environments because they allow for the manipulation of 
soil properties that can be limiting factors for PHC degradation, including aeration, moisture 
content, temperature, and nutrient availability.  Landfarming is a common, effective method used 
to remediate PHC contaminated soils in cold regions (Paudyn et al., 2008; Filler et al., 2009), but 
there are limited landfarming trials in northern regions and field trials have revealed conflicting 
results (McCarthy et al., 2004; McDonald and Knox, 2014).  Beyond implementing soil turning 
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and fertilization, few researchers have attempted to optimize PHC degradation rates in northern 
landfarms using additional soil amendments. 
Biochar is a soil amendment that is created through the pyrolysis of organic material such 
as wood, plant material, and to a lesser extent, bone (Suliman et al., 2016).  Biochars can have 
many environmental benefits and have been extensively researched in tropical regions.  The 
positive effects of biochars include improvements in soil fertility (Lehmann et al., 2006), water 
holding capacity (Głab et al., 2016; Omondi et al., 2016), cation exchange 
capacity (CEC) (Liang et al., 2006), and many other ecosystem services, including reducing the 
bioavailability of PHCs in soils (Rhodes et al., 2008; Koltowski et al., 2016) and increasing PHC 
degradation rates (Beesley et al., 2010; Bushnaf et al., 2011).  Based on these observations, 
biochars have the potential to enhance bioremediation in northern landfarms; however, there are 
many challenges and uncertainties associated with the complex nature of biochar-soil 
interactions.  Biochars vary greatly in their ability to enhance ecosystem services, based on the 
specific properties of biochar (i.e., feedstock, pyrolysis conditions, application rate), site-specific 
soil conditions (i.e., texture, CEC, nutrient availability, pH), and inherent environmental 
conditions.  For example, contradictory results have been reported when measuring microbial 
biomass and activity in agricultural soils amended with biochar (Durenkamp et al., 2010; Zhang 
et al., 2014a).  The complexity and variability of biochar applications to soil highlights the need 
for further research into its potential as a soil amendment to enhance PHC degradation rates in 
northern soils, and the need for identification of the underlying mechanisms driving positive 
effects in biochar-amended soils. 
Biochar research is currently directed towards agricultural applications in tropical and 
temperate regions, with limited studies focusing on inorganic and organic contaminant removal 
from soil and water, and even fewer studies evaluating polycyclic aromatic hydrocarbon (PAH) 
and PHC degradation in contaminated soils.  To the best of my knowledge, the effects of biochar 
have not been investigated under frozen conditions.  Although an increasing number of studies 
show that biochar is beneficial to many aspects of the soil system, there is an alarming lack of 
consensus between findings.  These inconsistent results reflect the lack of knowledge 
surrounding the mechanisms by which specific biochars can improve physical, chemical, and 
biological soil properties.  This raises several interrelated questions associated with the potential 
for biochar applications at northern landfarms.  Can biochar enhance PHC degradation?  How 
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are the physical and chemical properties of soil influenced by biochar?  What are the effects of 
biochar on the soil microbial community?  Which feedstocks are most suitable for PHC 
degradation?  What application method is most effective?  Are microbial degradation and other 
soil properties spatially distributed in biochar-amended soils?  Until these concerns are 
addressed, the potential of biochar to enhance PHC degradation in northern soils will not be 
realized. 
The purpose of the research presented in this dissertation was to evaluate biochar as a soil 
amendment to enhance PHC degradation in northern landfarms and contribute to the 
understanding of specific soil-biochar interactions in northern soils.  This was achieved by 
undertaking a combination of laboratory and field studies which were designed to address the 
following objectives and hypotheses: 
Objective 1: Determine the effects of biochar on PHC degradation and associated soil 
properties under frozen conditions and estimate the degree of abiotic losses occurring from 
the soil-biochar mixture to confirm degradation (Chapter 3). 
Hypothesis 1: Biochar stimulates PHC degradation by increasing θliquid, which also 
increases nutrient availability, and the abundance and activity of PHC-degrading soil 
microorganisms. 
Objective 2: Determine the specificity of biochar and the most effective application 
method by evaluating PHC degradation and associated soil properties with different 
biochar formulations (Chapter 4). 
Hypothesis 2: The physical and chemical properties of bone-derived biochars are more 
suitable for PHC degradation than wood-derived biochars, and homogenized biochar 
slurries are more effective than injected biochar slurries due to increased soil-biochar 
contact. 
Objective 3: Determine if there is a spatial relationship between biochar particles and the 
surrounding soil, and if so, the influence on 13C-phenanthrene mineralization and 
associated soil properties (Chapter 5). 
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Hypothesis 3: Biochar-induced changes in mineralization and soil properties occur 
predominantly in soils in direct contact with biochar particles but are dependent on biochar 
type. 
A general introduction (Chapter 1) and literature review (Chapter 2) precede three research 
chapters (Chapters 3-5), which were written as stand-alone manuscripts for publication.  These 
chapters are followed by a synthesis of the individual research studies (Chapter 6) and include 
overall conclusions and recommendations for future work.  Literature cited throughout the 
dissertation is compiled in the Reference section (Chapter 7). 
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2. LITERATURE REVIEW
2.1 Petroleum Hydrocarbons in Soil 
Petroleum hydrocarbons (PHCs) are one of the most widespread soil contaminants in 
Canada and consist of a wide range of organic compounds (CCME, 2008).  Canada’s Arctic has 
been identified as a region where ecosystem recovery is slower, and PHC contamination is more 
damaging (Snape et al., 2003).  The number of contaminated sites in northern Canada is large; 
for instance, between 1971 and 2014, approximately 7,000,000 L of diesel fuel was spilled in 
Nunavut alone.  Crude oil spills from ruptured pipelines are the largest source of terrestrial PHC 
contamination, but diesel fuels are also commonly spilled through infrastructure 
failure (i.e., leaking tanks), human error (i.e., fuel transfer), or natural hazards (i.e., extreme 
temperatures) (Snape et al., 2008).  In Arctic, Antarctic, and alpine soils, PHC contamination can 
influence soil pH (Aislabie et al., 2004), moisture regimes (Siciliano et al., 2008), nutrient 
availability (Harvey et al., 2012), and microbial populations (Margesin et al., 2003).  The process 
of cleaning up and monitoring contaminated sites is essential to protect the environment, as well 
as humans that reside near these sites. 
2.1.1 Properties 
Petroleum hydrocarbons consist of both aliphatic and aromatic hydrocarbons (CCME, 
2008).  Aliphatic hydrocarbons are non-aromatic, organic compounds containing hydrogen and 
carbon atoms.  Aliphatic hydrocarbons are linear (n-alkanes), cyclic (cyclo-alkanes), or 
branched (iso-alkanes) compounds present as three structurally different groups: alkanes (C-C), 
alkenes (C=C), and alkynes (C≡C).  Alkanes are the main components of fuels and oils, and are 
the least reactive class of organic molecules; this allows them to persist in the soil matrix and 
pose many ecological problems upon release (Wentzel et al., 2007).  Aromatic hydrocarbons, 
commonly referred to as polycyclic aromatic hydrocarbons (PAHs), are heterocyclic structures 
composed of one or more benzene rings containing alkyl, halogen, nitro, and other functional 
groups (Table 2.1). Generally, PAHs are relatively stable and recalcitrant in soils, and thus, will 
degrade relatively slowly compared to other organic compounds like alkanes. 
6Table 2.1.  Physiochemical properties of selected hydrocarbons (adapted from Stroud et al., 2007). 
Hydrocarbon Group Name Formula Molecular weight 
Melting 
point 
Boiling 
point 
Solubility 
at 25°C Log Kow
g mol-1 °C °C mg L-1
Aliphatic Alkane Hexadecane C16H34 226.44 18 287.0 0.0009 9.1 
Alkene Hexadecene C16H32 224.43 3-5 274.0 0.00123 NA 
Alkyne Hexadecyne C16H30 222.42 15 148.0 NA NA 
Aromatic PAH Naphthalene C10H8 128.18 79-83 217.9 30.0 3.36 
PAH Phenanthrene C14H10 178.22 97-101 340.0 1.1 4.16 
PAH Benzo(α)Pyrene C20H12 252.31 175-179 495.0 0.0038 6.06 
Kow, octanol-water partition coefficient 
NA, data not available 
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2.1.2 Fate and mobility 
The physical and chemical properties of PHC compounds determine their fate and mobility 
in the environment (CCME, 2008).  In the soil, PHCs may percolate into groundwater systems, 
volatilize into the atmosphere, and adsorb to soil particles, while others may be degraded by 
microbial populations.  Volatility is dependent on carbon bonding and the number of carbon 
atoms within the molecule; therefore, aromatic hydrocarbons are less volatile than aliphatic 
hydrocarbons due to higher melting and boiling points.  Generally, PHC compounds with single 
carbon bonds and low molecular weight are most likely to volatilize into the atmosphere.  The 
structure of the PHC compound also determines its susceptibility to microbial attack.  Aliphatic 
hydrocarbons are more prone to microbial degradation, while recalcitrant PHCs are usually 
PAHs composed of high molecular weight which are resistant to catabolic microbial 
activity (Margesin and Schinner, 1997). 
The octanol-water partition coefficient (kow) describes the solubility and hydrophobicity of 
the compound and is used to predict the fate and transport of the compound in the environment.  
The non-polar nature of PHCs results in partitioning or sorption onto organic matter in soil; the 
extent of which is also described by the kow (Bressler and Gray, 2003).  When a compound is 
sorbed strongly to soil organic matter and negatively charged soil particles, the bioavailability 
and migration tends to decline, impeding biodegradation (Yang et al., 2009).  Chemical and 
biological availability, sequestration, biodegradation rate, and migration of PHC compounds are 
affected by kow and the amount of organic matter in the soil.  Temperature also affects the 
physical nature and chemical composition of PHCs.  The low ambient temperatures 
characteristic of cold environments increase viscosity, reduce evaporation, and decrease 
solubility of PHC compounds (Atlas, 1981).  Petroleum hydrocarbons are excluded from ice as 
the soil freezes, resulting in an increased concentration of PHCs in soil pore water (Barnes et al., 
2004). 
2.1.3 Catabolic degradation pathways 
Catabolic microorganisms are often found at higher concentrations at PHC contaminated 
sites than in pristine environments (Margesin et al., 2003), and the ubiquitous presence of PHCs 
has resulted in the maintenance of degradative potential in most populations (Johnsen and 
Karlson, 2005; Phillips et al., 2008).  Bacteria that are capable of degrading PHC compounds 
have a diverse metabolism which enables them to use aliphatic and aromatic PHCs as a carbon 
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and energy source (Margesin et al., 2003; Obayori and Salam, 2010).  These microorganisms 
have developed strategies involving specialized enzyme systems and metabolic pathways to 
access PHCs, degrade them, and convert them to easily metabolized substrates.  The metabolism 
of PHCs is limited by their low water solubility, their tendency to accumulate in cell membranes, 
and the energy needed to activate the molecule (Rojo, 2009).  Uptake mechanisms may vary 
depending on the bacterial species, the molecular weight of the compound, and the physical and 
chemical characteristics of the environment (Wentzel et al., 2007).  To understand how 
remediation techniques may affect the degradative ability of soil microbial communities, these 
pathways must be understood. 
Oxygen is required for aerobic degradation of PHCs by soil microorganisms.  Soils with 
high water contents have limited gas diffusion and low oxygen levels, that can create anaerobic 
conditions and significantly reduce PHC degradation (Rayner et al., 2007).  Under these 
conditions, aeration may be required to enhance degradation, or chemical 
amendments (i.e., peroxides) can be applied.  In the absence of oxygen, PHC degradation can 
still proceed using alternative electron acceptors such as nitrate, manganese, iron, and 
sulphate (Eriksson et al., 2003; Powell et al., 2006b).  Aerobic, rather than anaerobic, PHC 
bioremediation is preferred as the most common microbial degraders are aerobic (Bruce et al., 
1992) and oxygen provides the greatest amount of energy per unit of PHC degraded (Menendez-
Vega et al., 2007). 
2.1.3.1 Aliphatic hydrocarbons 
Aliphatic PHCs, such as short to medium chain alkanes (C5-C16), are initially metabolized 
by the terminal or sub-terminal incorporation of oxygen by a hydroxylase enzyme such as 
alkB (Van Beilen and Funhoff, 2007; Wentzel et al., 2007).  Once oxidized to a primary alcohol, 
further oxidation by alcohol and aldehyde dehydrogenases convert the compounds to fatty acids 
that may be subsequently metabolized through the bacterial β-oxidation pathway (Van Hamme et 
al., 2003; Rojo, 2009).  Cytochrome P450 (CYP153) is another common type of alkane 
hydroxylase, which is found in alkane-degrading bacteria which lack alkB (Van Beilen et al., 
2006).  Alkane degraders typically belong to the genera Rhodococcus, Pseudomonas, or 
Acinetobacter (MacCormack and Fraile, 1997; Whyte et al., 1997; Bej et al., 2000).  Although 
many different alkane hydroxylase genotypes that metabolize alkanes of varying lengths are 
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present within hydrocarbon degraders (Van Beilen and Funhoff, 2007), alkB is commonly 
assessed in Arctic and Antarctic soils (Smits et al., 2002; Whyte et al., 2002). 
2.1.3.2 Aromatic hydrocarbons 
Aromatic hydrocarbons, such as naphthalene and phenanthrene, are metabolized by the 
incorporation of oxygen into the aromatic ring, which initiates ring fission (Cerniglia, 1992).  
Central intermediates such as catechols, protocatechuates, and gentisates are produced by the 
introduction of hydroxyl groups placed either adjacent (extradiol cleaving enzymes) or opposite 
to one another (intradiol cleaving dioxygenases) (Fuchs et al., 2011).  These intermediate 
products are subject to oxygenolytic ring cleavage, followed by transfer of the ring cleavage 
products into the central metabolism (Díaz et al., 2013).  Some aromatic hydrocarbons are 
metabolized through the coenzyme A (CoA) thioesters, which form non-aromatic epoxides by 
hydrolysis, rather than oxygenolytic ring cleavage (Pérez-Pantoja et al., 2010).  
Aromatic-degrading bacteria are common in the genera Pseudomonas or 
Sphingomonas (Aislabie et al., 2000).  Naphthalene dioxygenase (nahAc) and catechol 2,3 
dioxygenase (C2,3O) are well-studied enzymes that encode crucial first steps in aromatic PHC 
degradation pathways (Resnick et al., 1996; Van Hamme et al., 2003), and therefore, are primary 
target genes for studies assessing PAH degradation.  Both genes have been identified in cold 
environments (Whyte et al., 1997; Margesin et al., 2003) 
2.1.4 Bioremediation 
Bioremediation uses biological processes to degrade, break down, transform, and remove 
organic contaminants in soil.  Bioremediation can occur naturally or with the aid of amendments 
such as microbial inocula, nutrients, moisture, or oxygen.  During bioremediation, 
microorganisms utilize contaminants in the soil as an energy source and metabolize the 
contaminant into a useable energy form through chemical specific oxidation-reduction reactions.  
Bioremediation has been proven successful for mitigation of petroleum hydrocarbons (Roy et al., 
2014), halogenated compounds (Major et al., 2002), pesticides and herbicides (Kaake et al., 
1992), nitrogen compounds (Ghoreishi et al., 2017), metals (Kang et al., 2016), and 
radionuclides (Law et al., 2010).  There are two types of bioremediation techniques: (i) in-situ, 
which is carried out on-site without any soil removal; and (ii) ex-situ, which is carried out 
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Generally, bioremediation requires less resource inputs than other techniques (i.e., chemical 
oxidation, soil washing), and is perceived as an environmentally friendly approach (O’Brien et 
al., 2017). 
2.1.4.1 In-situ bioremediation 
The advantages of in-situ bioremediation include lower costs and minimal environmental 
disturbance (Gruiz and Kriston, 1995).  However, it can be challenging to deliver required 
amendments to remote or inaccessible sites, and environmental conditions, including 
temperature, moisture content, nutrient concentrations, and oxygen availability, are better 
controlled using ex-situ bioremediation techniques (Khan et al., 2004).  Thus, in-situ
bioremediation can be less reliable and take longer than ex-situ bioremediation.  
Bioventing (Rayner et al., 2007; King et al., 2014) and monitored natural attenuation (Delille and 
Pelletier, 2002) are common in-situ bioremediation technologies that have been successful in 
Arctic and Antarctic environments. 
2.1.4.2 Ex-situ bioremediation 
The advantages of ex-situ bioremediation include greater control over treatment 
parameters, higher efficiency, and quicker treatment.  However, excavation activities can destroy 
existing soil structure and more land is required for storage of excavated soil (Lim et al., 2016).  
Excavated soils are also more susceptible to compaction by heavy equipment required for 
large-scale excavation.  Biopiles (Sanscartier et al., 2009; McWatters et al., 2016) and 
landfarming (Paudyn et al., 2008) have been successful ex-situ bioremediation techniques in 
Arctic and Antarctic environments. 
2.2 Bioremediation of Petroleum Hydrocarbons in Northern Soils 
Natural attenuation of PHCs in cold climates is limited due to low ambient and soil 
temperatures, and deficiencies in available water and nutrients.  Thus, terrestrial PHC 
contamination can be more persistent and environmentally damaging than in temperate 
climates (Mohn and Stewart, 2000).  In-situ environmental conditions in cold regions are not 
ideal and allow PHCs to accumulate and persist in frozen soils, which reduce PHC degradation 
rates and overall bioremediation success.  Therefore, ex-situ bioremediation (i.e., landfarming) 
has been identified as the most efficient method available for ameliorating and controlling the 
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factors limiting microbial activity (Aislabie et al., 2006; Delille et al., 2008; Paudyn et al., 2008).  
Landfarming generally refers to the process by which contaminated soils are spread out in a layer 
approximately 0.5 m thick and aerated and/or amended with nutrients and moisture to aid in 
volatilization and degradation. 
2.2.1 Petroleum hydrocarbon degradation in frozen soils 
The degradation of PHCs has been reported at low temperatures in Arctic (Whyte et al., 
1999), alpine (Margesin et al., 2003), and Antarctic environments (Aislabie et al., 2004).  
Despite the activity of psychrotrophic microorganisms, northern soils have freezing soil 
temperatures, low moisture content, and limited nutrient bioavailability, which presents many 
challenges to effective and timely PHC bioremediation (Atlas, 1981; Whyte et al., 1999; Hoover 
and Pikuta, 2010).  Bioremediation is a viable remediation strategy for PHC contaminated soil in 
northern regions due to the presence of cold-adapted, PHC-degrading microorganisms.  
Microbial respiration and PHC degradation occurs at sub-zero temperatures due to a portion of 
soil-water existing in the liquid phase at temperatures below 0 °C (liquid water; θliquid) during 
freeze-thaw periods, which allows significant degradation to occur (Chang et al., 2011).  
Deming (2002) proposed the new ecological group “eutectophiles”, which includes unique 
microorganisms that take advantage of the eutectic interface between ice and water.  This 
eutectic interface includes θliquid, which is a limiting factor for microbial activity, and the 
biodegradation of PHCs.  Contaminated soils in frozen environments are commonly enriched 
with PHC-degrading microorganisms (Margesin and Schinner, 1999); however, the time it takes 
for microbial populations to recover from contamination events and degrade PHCs varies from 
site to site. 
Soil properties are unique at every location; therefore, soils vary in their capacity to 
degrade PHCs, and there are vast differences in the mobility, fate, and persistence of PHCs in 
different soils due to the inherent variability of soils.  Degradation is dependent on many soil 
properties and environmental conditions, including, but not limited to; temperature (Coulon et 
al., 2005), texture (Kogbara et al., 2015), moisture (Malina et al., 2002), oxygen 
content (Eriksson et al., 2003), pH (Leahy and Colwell, 1990), and nutrient 
availability (Chaineau et al., 2005).  These soil properties directly influence soil microbial 
activity, which ultimately regulates the success and rate of PHC degradation.  Using the common 
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properties of northern soils, a general approach to bioremediation in northern soils can be applied 
to site-specific remedial strategies. 
2.2.2 Temperature 
Bioremediation is most active during the summer months (2-4 months/year) when daily 
mean air temperatures generally range between 5-15 °C.  In winter months (8-10 months/year), 
daily mean air temperatures can reach -30 °C, which limits microbial activity and 
bioremediation.  Although some soil microorganisms are adapted to extreme heat or cold, 
temperatures at either extremity can hinder microbial growth and catabolic activity (Pietikäinen 
et al., 2005).  Temperature also exerts a strong influence on the availability of water and 
nutrients in soil pores (Lahti et al., 2005; Harvey et al., 2012).  The most limiting factor is the 
availability of water; water limits metabolic processes and retards nutrient and gas diffusion 
necessary for PHC degradation in frozen soils (Harvey et al., 2012).  Furthermore, freezing 
temperatures may increase hydrocarbon viscosity, reduce evaporation of volatile components, 
and decrease water solubility (Filler et al., 2006).  In northern soils, low temperatures also cause 
logistical challenges associated with soil manipulation. 
2.2.3 Soil texture 
Soil texture influences PHC degradation rates because pore size and particle size 
distribution affect the fate and availability of PHCs.  For example, PHCs can leach or volatilize 
much more readily in a sandy soil, but can sorb tightly to soil particles in a predominantly clay 
soil (Kogbara et al., 2015).  Studies have reported that bioremediation is more effective in 
predominantly sandy soils due to higher PHC bioavailability (Labud et al., 2007), but decreases 
in PHC concentrations were not separated based on volatilization and microbial degradation.  
Texture also influences soil properties responsible for the availability and mobility of water and 
nutrients, such as CEC and surface charge.  A strong negatively charged soil (i.e., clay loam) will 
have a higher CEC and water holding capacity than a neutral soil (i.e., sand) (Senjobi and 
Ogunkunle, 2011).  Generally, sandy soils are less fertile than clay soils, and soil 
microorganisms are less abundant and active (Shi and Marschner, 2014).  The availability of 
water and nutrients directly affects soil microorganisms, which in turn, affects the catabolic 
processes associated with PHC degradation. 
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2.2.4 Water content 
Water is arguably the most important soil constituent as it is essential for chemical 
reactions and microbial metabolism (i.e., diffusion of substrates, removal of waste products) to 
proceed.  At temperatures below 0 °C, θliquid exists as thin layer surrounding soil particles, and 
the thickness of this layer is controlled by salinity, and adsorptive and capillary forces within the 
soil (Dash et al., 1999; Sparrman et al., 2004; Steven et al., 2006).  The amount of θliquid is 
determined by ice crystal configuration, impurities, and pore size distribution (Reed et al., 1979).  
Microbial survival in frozen soil is dependent on θliquid and the diffusion of microbial substrates 
and waste products through the cell membrane (Ostroumov and Siegert, 1996).  In frozen soils, 
θliquid has been positively correlated with elevated nutrient supply rates and gas 
diffusion (Rivkina et al., 2000; Harvey et al., 2012).  Thus, manipulating factors that increase 
θliquid (i.e., surface area, porosity), could optimize PHC degradation in northern soils. 
2.2.5 Oxygen content 
Oxygen has been identified as a rate-limiting variable and an essential requirement for the 
oxidation of aliphatic and aromatic PHCs by soil microorganisms (Leahy and Colwell, 1990).  
Oxygen availability in soils is dependent on factors such as microbial oxygen consumption 
rate (Pinches and Pallent, 1986), soil type (Rayner et al., 2007), and soil moisture.  Antarctic 
soils with sufficient aeration to prevent anaerobic conditions had gravimetric water contents 
between 3-11%, bulk densities between 1.0-1.2 g cm-3, and air volume fractions between 
40-50% (Aislabie et al., 2004; Ferguson et al., 2004; Powell et al., 2006b).  Oxygen is not 
usually a limiting factor in most coarse textured soils, but could be limited in water logged Arctic 
soils (Rike et al., 2005). 
2.2.6 pH 
Optimal microbial activity and growth occurs between pH 6 and 9 (Vyas and Dave, 2007), 
although PHC degradation has occurred in acidic (Amadi et al., 1996) and alkaline (Kanekar et 
al., 1998) environments.  Nutrient availability, which is controlled by sorption, speciation, and 
precipitation-dissolution reactions, is directly influenced by soil pH (Hinsinger, 2001).  
Generally, most nutrients are optimally available between pH 6.5-7.5, and nitrogen is less 
affected by soil pH than phosphorus.  Various species of phosphate are distributed as a function 
of pH, and the charge of each species will determine the environmentally relevant 
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reactions (i.e., sorption/desorption) that will influence its mobility and distribution in the 
soil (Hanrahan et al., 2005).  For example, phosphorus ions will precipitate as calcium 
phosphates in neutral to alkaline soils (pH > 7.5 to < 8.5) and iron and aluminum phosphates in 
acidic soils (pH < 5.5) (Hinsinger, 2001).  During bioremediation, elemental sulphur can be used 
to decrease pH and lime (CaCO3) can be used to increase pH. 
2.2.7 Available nutrients 
Microbial activity, and hence, bioremediation rates, are dependent on the bioavailability of 
substrates, electron acceptors, and nutrients (Yang et al., 2009).  Petroleum 
hydrocarbon-contaminated soils with low levels of essential nutrients benefit from nutrient 
additions (i.e., fertilizers) to increase microbial biomass, which is required for significant 
degradation to occur (Ferguson et al., 2003).  Nitrogen and phosphorus are important for 
microbial growth, with phosphate (PO43-), nitrate (NO3-), and ammonium (NH4+) considered the 
most readily bioavailable forms.  Fertilizers are commonly used to enhance bioremediation in 
northern soils, as these soils are usually deficient in both nitrogen and phosphorus (Margesin, 
2000; Børresen and Rike, 2007).  Excess nitrogen has been shown to decrease osmotic soil water 
potential, microbial activity, and PHC degradation rates in coarse-textured soils, so it is 
important to avoid over-fertilization (Walworth et al., 2007).  Soil microorganisms have a 
relative balance of carbon (C) and nitrogen (N) in a ratio of 3:1 to 10:1 in their cells and require a 
C:N ratio of 24:1 in soil to maintain cellular processes.  If the C:N ratio is too high, 
microorganisms must immobilize nutrients from the soil to fuel decomposition.  As soil 
microorganisms metabolize carbon into biomass they require nitrogen and phosphorus in an 
approximate CTPH:N:P ratio of 100:9:1 for optimum PHC degradation (Mohn and Stewart, 2000; 
Chang et al., 2010). 
2.3 Biochar as a Soil Amendment 
Biochar is organic biomass (i.e., wood, bone) that has been heated under low-oxygen 
conditions, also known as pyrolysis, to produce a carbon rich char.  Biochars are modified by 
chemical transformations that are initiated by the instability of individual chemical bonds within 
the biomass (McLaughlin et al., 2009).  For agricultural and environmental purposes, biochars 
are added to soils to sequester carbon, remediate organic contaminants, and improve long-term 
soil productivity.  The addition of biochar to soils can increase water holding capacity (Karer et 
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al., 2013), improve aeration (Bushnaf et al., 2011), increase cation exchange 
capacity (CEC) (Liang et al., 2006), and stimulate the soil microbial community (Liao et al., 
2016).  Based on the positive effects observed from biochar additions to various soils, biochar 
could increase PHC degradation in northern soils under certain conditions.  However, it is 
important to note that each biochar is unique due to variations in the feedstock source and 
production conditions. 
2.3.1 Amendment formulation  
The feedstocks used and the pyrolysis conditions by which the biochar is produced, can 
drastically affect its chemical properties, elemental composition, particle size distribution, and 
overall suitability as a soil amendment (Cetin et al., 2004; McLaughlin et al., 2009; Novak et al., 
2009).  The majority of the mineral content in the feedstock is carried over into the biochar, 
where it is concentrated by carbon, hydrogen, and oxygen during pyrolysis (Amonette and 
Joseph, 2009).  Generally, wood-derived biochars have a higher carbon content, but lower ash, 
nitrogen, phosphorus, potassium, sulphur, and micronutrient contents than bone-derived biochars 
(Raveendran et al., 1995; Skodras et al., 2006; Amonette and Joseph, 2009).  Bone-derived 
biochar can be a source of phosphorus which is immediately available upon application, and may 
also release nitrogen and phosphorus over a longer time period (Warren et al., 2009).  Wood 
biochars also have low mineral matter contents while bonemeal biochars can contain up to 84% 
mineral matter (Purevsuren et al., 2004).  Particle size distribution is also influenced by 
feedstock — during thermal decomposition of biomass, the porosity and structure of the biomass 
is retained and once organic volatiles are lost, an extensive pore network is formed from the 
creation of voids (Downie et al., 2009).  There are advantages and disadvantages to all 
feedstocks, but the use of an effective local feedstock source which stimulates the economy 
while recycling waste materials is ideal. 
2.3.2 Pyrolysis conditions 
Biochar is produced under relatively low thermal conditions (250–700 °C), but the 
temperatures within this range produce biochars with drastically different properties.  Biochars 
heated at high temperatures (400–700 °C) tend to have lower biochar mass recovery, higher 
surface area, and increased ash content (Singh et al., 2010).  These characteristics may result 
from the dehydration and decarboxylation of functional groups or the removal of volatile 
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compounds, which decreases the total surface charge and results in biochar that contains a higher 
percentage of carbon, but less oxygen and hydrogen (Novak et al., 2009).  By comparison, 
biochars produced at low temperatures (250–400 °C) generally exhibit higher biomass recovery 
and have more functional groups on exchange sites (Novak et al., 2009).  In several studies, 
pyrolysis temperatures between 400 °C and 600 °C produced biochars with low hydrophobicity 
and high field capacity, which improves the ability of the soil to sorb water and resist 
erosion (Uzoma et al., 2011; Kinney et al., 2012).
2.3.3 Application method 
Biochar studies often overlook the feasibility and practicality of mixing biochar into soil 
during large-scale field application (Edenborn et al., 2015).  Arguably, the largest influence on 
the choice of application method is the availability of machinery (Blackwell et al., 2009).  The 
density and fineness of biochar can also influence the method of application and incorporation.  
Biochars typically have low densities and a significant powder fraction that can become airborne 
in light wind during transport or application.  For instance, during the establishment of a 
fine-grained biochar field trial, approximately 30% of the material was reportedly lost during 
loading, transport, and spreading (Husk and Major, 2010).  Best management practices to reduce 
wind losses are to moisten biochar prior to field application, pellet the biochar, or mix the 
biochar with manures or composts (Blackwell et al., 2009).  Methods of biochar application and 
incorporation in field studies include: broadcast (by hand or mechanically) and incorporate (Asai 
et al., 2009), traditional banding (Blackwell et al., 2007), subsurface banding (Sistani et al., 
2004), incorporation with composts and manures (Yoshizawa et al., 2006), and 
top-dressing (Gathorne-Hardy et al., 2008). 
2.3.4 Application rate 
The rate at which biochars are applied also affects the degree of physical and chemical 
changes within the soil.  With proper nutrient management, the positive effects of biochar on 
crop yield has been observed with rates of 5-50 tonnes (t) per hectare (ha) (Blackwell et al., 
2007; Rondon et al., 2007).  Higher biochar application rates are often more successful when a 
range of rates are used (Major et al., 2010).  For example, a pot trial using four rates of 
biochar (0, 10, 25, and 50 t ha-1) found that radish yield increased by 42% at 10 t ha-1 to 96% at 
50 t ha-1 (Chan et al., 2008).  However, decreasing yields were reported with higher biochar 
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application rates (Asai et al., 2009; Gaskin et al., 2010), while others reported that biochar 
application at 1-2 t ha-1 did not significantly affect plant growth or soil properties (Ahmed and 
Schoenau, 2015).  The majority of biochar application rate studies assess crop growth and soil 
properties in agricultural soils, and few studies exist which evaluate the effect of biochar 
application rate on PHC degradation.  At 2% (w/w) biochar amendment in laboratory-incubated 
soil, linear, cyclic, and branched alkanes degraded more rapidly than in an unamended control 
soil (Bushnaf et al., 2011).  As of 2015, field tests with non-activated biochar for environmental 
remediation had not been identified (Hale et al., 2015).  General recommendations for biochar 
application rates according to soil types and specific environmental applications are not available 
due to insufficient field data (Major, 2010). 
2.3.5 Water holding capacity 
Biochars have a highly porous structure and large surface area which controls aeration and 
hydrology within the soil (Atkinson et al., 2010).  Water holding capacity, a measure of water 
stored in the soil, is typically measured to determine the effect of biochar on soil hydrology.  
Coarse particles like sand have a very low surface area, but when combined with biochar, the 
water holding capacity increases due to a net increase in surface area (Chan et al., 2007).  The 
water holding capacity of loamy sand soils also increased after biochar additions, but different 
feedstocks produced biochars that were more effective than others at increasing water holding 
capacity (Yu et al., 2013, 2017a).  Fewer studies exist which quantify the effects of biochar on 
plant-available water; i.e., the amount of water held loosely enough by soils that plants can 
access it.  In sandy soils, plant-available water increased by 16% to 270% with biochar 
amendment rates ranging from 0.5-5% by mass (Briggs et al., 2012; Abel et al., 2013) and 
5-15% by volume (Brockhoff et al., 2010; Briggs et al., 2012; Abel et al., 2013).  In 
coarse-textured northern soils, biochar is expected to increase water availability — though 
results may vary based on biochar type and application rate. 
2.3.6 Thermal properties 
The thermal properties of soil influence microbial biomass and activity, nutrient 
mineralization, and soil water content.  Due to the black color and unique physical and chemical 
properties of biochars, there is potential to change the soil temperature, albedo, and thermal 
conductivity.  Research suggests that biochar has a moderating effect on soil temperature which 
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results from decreased reflectance and thermal conductivity (Zhang et al., 2013).  Soil albedo 
decreased with increasing biochar application rate, but was dependent on soil moisture content, 
application method, and land use (Verheijen et al., 2013).  Similarly, other studies demonstrated 
that surface albedo decreased up to 80% in biochar-amended soils when compared to a 
control (Meyer et al., 2012; Genesio et al., 2012; Zhang et al., 2017).  A decrease in surface 
albedo may increase the soil temperature, which can increase soil respiration (Jiang et al., 2015).  
Soil surface temperature increased up to 4 °C in biochar and charcoal amended soils (Oguntunde 
et al., 2008; Vaccari et al., 2011).  While surface temperature, albedo, and hydraulic conductivity 
appear to be affected by biochar applications, it is relatively unclear how this influences more 
complex processes such as crop growth and bioremediation. 
2.3.7 pH and buffering capacity 
The pH of both biochar and soil will determine the overall effect of biochar additions on 
soil pH.  Biochars can have a large buffering capacity, depending on the production conditions 
and feedstock source, which can increase the pH of acidic soils (Shi et al., 2017; Yao et al., 
2017).  In general, increasing the pH of an acidic soil will promote a favorable environment for 
the survival and success of PHC degrading microbial communities.  The addition of alkaline 
biochars to alkaline soils could have a negative effect on the availability of certain essential 
nutrients, depending on the factor by which pH increases.  However, biochars have been reported 
to decrease the pH of calcareous soils (Liu and Zhang, 2012; Ippolito et al., 2016), due to the 
production of acidic functional groups during chemical and microbial oxidation of biochar 
particles (Cheng et al., 2006) and by increasing overall soil CEC (Laird et al., 2010; Fellet et al., 
2011; Jones et al., 2011a; Peng et al., 2011).  Clearly, biochar additions can increase, decrease, or 
maintain soil pH, so biochars must be matched carefully with soil to optimize bioremediation. 
2.3.8 Nutrient status and transformations 
Biochar additions contribute some nutrients to the soil depending on the feedstock 
utilized (DeLuca et al., 2009), but more importantly, they act as a driver for nutrient 
transformations in the soil (Glaser et al., 2002; Lehmann et al., 2003).  Water holding capacity is 
enhanced with the addition of biochar, which can also increase the solubility and availability of 
micronutrients and macronutrients (Chan and Xu, 2009).  Yeboah et al. (2009) demonstrated that 
nitrogen recovery (amount of nutrient in the crop as a ratio of the amount applied) in maize crops 
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could be improved through biochar application to a sandy loam soil, but not a silt loam soil, 
which suggests that the effectiveness of biochar is more strongly influenced by the indirect 
textural effect rather than direct nutrient additions.  Other general mechanisms by which biochar 
influences nutrient turnover and transformations includes increasing the nutrient pool size and 
serving as a short term source of labile nutrients (Ducey et al., 2013), altering soil physical and 
chemical properties, and changing the structure and activity of microbial communities (DeLuca 
et al., 2015).  The mechanisms driving nutrient transformations and additions to the soil are a 
complex interaction between the amendment formulation combined with physical, chemical, and 
biological characteristics of biochar and soil.  Nutrients additions (i.e., fertilizers) can increase 
the positive response of biochar (Lehmann et al., 2006), but the direct influence of biochar 
additions on soil nutrient transformations are still not well understood.  Coarse-textured northern 
soils are inherently nutrient poor so biochar additions could improve texture, water retention, and 
nutrient supplies to increase PHC degradation when soils are limited by these properties. 
2.3.9 Soil microbial activity and community composition 
Biochar has been considered as a recalcitrant carbon source that is capable of sequestering 
carbon in soils, but is largely unavailable to soil microorganisms (Baldock and Smernik, 2002; 
Skjemstad et al., 2002).  However, microbial assimilation of biochars has been 
reported (Kuzyakov et al., 2009; Jones et al., 2011b), which suggests that the introduction of 
metabolically available volatile and labile compounds from biochar particles may significantly 
alter soil microbial activity (i.e., respiration), and result in positive benefits to 
bioremediation (Smith et al., 2010; Kolton et al., 2011).  Several studies have demonstrated that 
biochar-amended soils affect the diversity, abundance, and distribution of soil microbial 
communities through greater microbial biomass (Thies and Suzuki, 2003; Zhang et al., 2014a), 
higher metabolic efficiency (Dil et al., 2014; Zheng et al., 2016), and greater abundance of 
hydrocarbon degrading genes (Germano et al., 2012; Dias et al., 2015).  Moreover, the microbial 
community can shift in response to changes in physical, chemical, and biological soil properties 
induced by biochar additions.  For example, studies report that biochar amendments have 
increased gram negative bacteria (Watzinger et al., 2014), increased bacterial 16S rRNA genes 
and decreased fungal 18S rRNA genes (Chen et al., 2013), and shifted dominant 
phylotypes (Han et al., 2017).  In some cases, biochar additions can have neutral or negative 
effects on the soil microbial community due to direct toxicity from the biochar itself (Lyu et al., 
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2016), inability to access tightly sorbed substrates (Prommer et al., 2014; Zhang et al., 2014b), or 
pore sizes that are too large or too small (Quilliam et al., 2013a).  Although the effects of biochar 
on soil microbial community composition and activity have been evaluated across a range of 
biochar and soil types, results were variable and the mechanisms by the soil microbial 
community is affected are not well understood. 
2.3.10 Microbial habitat 
Biochar not only affects microbial community dynamics, but the porous structure of 
biochar can provide a suitable habitat for microorganisms by supplying nutrients (Angst and 
Sohi, 2013) and providing protection from desiccation (Zackrisson et al., 1996; Warnock et al., 
2007).  One study reported that under short term incubation (< 3 years), external and internal 
biochar surfaces are not a significant habitat for soil microorganisms but suggested that soil in 
the immediate vicinity had a greater influence on microbial structure and activity (Quilliam et al., 
2013a).  Other studies indicated that there was no effect on microbial biomass in 
biochar-amended soils, which suggested that biochar was unsuitable for microbial 
colonization (Chan et al., 2007; Durenkamp et al., 2010).  Biochar macropores (> 200 mm) likely 
provide habitat for bacteria, which range in size from 0.3-3 µm, while micropores (< 2 nm) and 
mesopores (2-50 nm) could store water and dissolved nutrients and substrates required for 
microbial metabolism (Brewer and Brown, 2012; Quilliam et al., 2013a).  Biochar feedstock and 
production temperature determine the size and abundance of pores.  Other physical properties of 
biochar which may affect its suitability as a microbial habitat include surface area and thermal 
properties (Gul et al., 2015).  Certain chemical properties, such as surface charge, nutrient 
concentration (Gul et al., 2015), chemi-sorbed gases (i.e., CO2, O2, N2), and water 
availability (Pietikainen et al., 2000; Antal and Grønli, 2003), may influence biochar pores and 
attract soil microorganisms.  There are many proposed mechanisms by which biochar can 
provide a habitat for soil microorganisms, but contradictory results have been reported due to the 
variability between biochars and soils, and the methods used to assess microbial colonization. 
2.3.11 Bioremediation of organic contaminants 
There are many ways in which biochars enhance the bioremediation of organic 
contaminants, including optimizing soil conditions to promote microbial degradation, 
immobilizing contaminants in the soil profile, and stimulating microbial activity and biomass 
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production.  Several studies have reported successful degradation of PHCs (Bushnaf et al., 
2011), PAHs (Liu et al., 2014, 2017), phenols (Yang et al., 2016a), pesticides (Qiu et al., 2009), 
and herbicides (Jones et al., 2011a) in biochar-amended soils.  Nevertheless, biochars have been 
reported to reduce the bioavailability of hexachlorobenzene (Song et al., 2012) and 
isoproturon (Sopeña et al., 2012), and ultimately, lower their degradation rates.  Few studies 
exist which monitor the effects of biochar on PHC degradation and results are often 
observational rather than mechanistic.  As PHC degradation is a complex process that is highly 
dependent on soil properties and environmental conditions, PHC degradation rates are expected 
to be variable and inconsistent between locations.  The process is further complicated by the 
variability and specificity of biochars, and with knowledge gaps in biochar-soil interactions. 
2.3.12 Sorption of organic contaminants 
Biochar additions can enhance the sorptive capabilities of soils and exert a strong influence 
on the toxicity, fate, and behavior of PHCs.  Pyrogenic organic matter, such as biochar, and 
non-pyrogenic organic matter, such as plant material, differs in the concentration dependence of 
sorption, mechanism of sorption, and sorption reversibility.  The sorption affinity of pyrogenic 
organic matter is usually non-linear as the sorption of a specific compound to biochar decreases 
with increasing concentration, indicating sorption to external or internal surfaces (Yang and 
Sheng, 2003).  Generally, sorption to biochar is approximately one to two orders of magnitude 
greater than sorption to soil (Hale et al., 2015).  Few studies exist that quantify the sorption of 
organic compounds to biochar in the presence of soil, due to the confounding effects of soil 
components such as clay and organic matter.  The sorptive capacity of phenanthrene ranged from 
1.98 to 4.53 log kd at 1 mg L-1 in a pine needle biochar and soil mixture (Zhang et al., 2010) and 
from 3.77 to 5.12 log kd at 1 mg L-1 with only pine needle biochar (Wang and Xing, 2007).  The 
adsorption capacity of biochars have been linked to its organic carbon content, surface area, and 
porosity (Spokas et al., 2009; Dechene et al., 2014).  In bioremediation studies, PHC degradation 
may be overestimated if biochar contributes to the removal of PHC via sorption, therefore, the 
degree of sorption by biochar must also be considered. 
2.4 Conclusion 
Bioremediation in northern Canada is a slow process limited by extreme environmental 
conditions.  Conventional methods rely on fertilizer additions and soil turning to stimulate the 
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microbial community to catabolize organic contaminants.  Biochar is a novel amendment that 
has received interest because of its positive effects on physical, chemical, and biological 
properties in agricultural soils.  Biochar could have parallel effects on PHC contaminated soils 
and has the potential to increase bioremediation rates.  Few, if any, studies have investigated 
biochar as a soil amendment to increase PHC degradation in soils that are periodically frozen, 
and only limited research exists in temperate regions.  A knowledge gap exists as the physical, 
chemical, and biological mechanisms driving the positive effects of biochar are not well 
understood, especially in frozen soils. 
Currently, research involving bioremediation and PHC degradation is targeted towards 
soils in tropical and temperate regions.  Due to the vast differences in soil properties and 
environmental conditions between tropical, temperate, and northern regions, it is necessary to 
develop bioremediation techniques specific to northern regions.  Through the development of 
optimal application rates and efficient application methods, biochar could enhance 
bioremediation rates and overall success across a range of contaminated sites in northern Canada.  
Furthermore, providing effective biochar formulations, specific to local remediation needs, could 
provide an accessible and affordable soil amendment, which makes use of by-products from 
other industries and stimulates the local economy.  Working with local industry to develop and 
improve bioremediation technologies, methods, and protocols that are unique to northern soils is 
essential to alleviate current challenges to cost-effective remediation.  However, further 
investigation is required prior to applying biochar as a soil amendment to enhance PHC 
degradation at northern landfarms. 
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3. PETROLEUM HYDROCARBON REMEDIATION IN FROZEN SOIL USING A MEAT AND 
BONEMEAL BIOCHAR PLUS FERTILIZER1
3.1 Preface 
Petroleum hydrocarbon (PHC) remediation can be a slow and costly process in cold 
regions, due to short summer seasons and coarse, infertile soils.  Landfarming is the most 
common and successful bioremediation method but can be ineffective in reducing PHC 
concentrations below remediation criteria in a timely manner.  Biochar, an organic biomass 
created by pyrolysis, has enhanced soil properties and crop growth in agricultural soils and 
generated research interest for its use as a soil amendment.  Few studies exist that use biochar as 
a soil amendment to increase PHC degradation, and even fewer have investigated biochar 
application to frozen soil.  Biochar is a unique soil amendment that can be produced using local 
feedstocks with unsophisticated equipment.  Currently, there are no studies that have attempted 
to increase PHC degradation in northern soils using biochar amendments.  This laboratory study 
was carried out using fertilized, landfarmed soil from Iqaluit which was amended with different 
biochar and compost amendments.  The overall objective of this study was to determine if meat 
and bonemeal biochar additions could further enhance PHC degradation rates in thawed and 
frozen soil. 
1 This chapter was published, with minor formatting differences, as Karppinen, E.M., R.E. Farrell, K.J. Stewart, and 
S.D. Siciliano. 2017. Petroleum hydrocarbon degradation in frozen soil using a meat and bonemeal biochar plus 
fertilizer. Chemosphere 173:330-339.  Dr. Siciliano provided funding, developed the experimental design, and 
contributed his expertise in the expansion of the major ideas.  Dr. Farrell assisted with establishing the schedule for 
data collection and analysis and provided editorial input.  Dr. Stewart assisted with technical content and provided 
editorial input.  I conducted laboratory analyses, completed the initial manuscript draft, prepared the figures and 
tables, and completed data analysis and interpretation. 
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3.2 Abstract 
Petroleum hydrocarbon (PHC) degradation slows significantly during the winter, which 
substantially increases the time it takes to remediate soil in Arctic landfarms.  The aim of this 
laboratory trial was to assess the potential of a meat and bonemeal (MBM) biochar to stimulate 
PHC degradation in contaminated soil collected from Iqaluit, Canada.  Over 90 days, 3% (w/w) 
MBM biochar increased F3 (equivalent nC16-C34) -PHC degradation rate constants (k) in frozen 
soils when compared to the fertilizer (urea and monoammonium phosphate) control.  Taking into 
consideration the extensive variability within treatments and negative k values, this difference 
may not reflect significant remediation.  Decreasing C17/Pr and C18/Ph ratios in the frozen soil 
suggest that this reduction is a result of microbial degradation rather than volatilization.  
Amendment type and application rate affected the immediate abiotic losses of F2 and F3-PHC in 
sterile soils, with the greatest losses occurring in compost-amended treatments in the first 
24 hours.  In frozen soils, MBM biochar was found to increase liquid water content (θliquid), but 
not nutrient supply rates.  Under frozen but not thawed conditions, genes for aromatic (C2,3O
and nahAc) but not aliphatic (alkB) PHC degradation increased over time in both 
biochar-amended and control treatments but total viable PHC-degrading populations increased 
only in biochar-amended soils.  Based on these results, it is possible that PHC degradation in 
biochar-amended soils is active and even enhanced under frozen conditions, but further 
investigation is required. 
3.3 Introduction 
Landfarming is the most common bioremediation method in cold regions but it is a slow 
and costly process that can be limited by extreme environmental conditions and remote 
locations (Mohn and Stewart, 2000).  Conventional methods of petroleum hydrocarbon (PHC) 
remediation in landfarms rely on fertilizer additions and soil turning to stimulate the microbial 
community to catabolize organic contaminants; this approach, however, has yielded inconsistent 
results in cold environments (Powell et al., 2006a; Paudyn et al., 2008).  Current bioremediation 
strategies are targeted toward the short summer months (2-4 months/year); but this is often an 
insufficient amount of time to meet soil remediation targets and environmental criteria (Mohn 
and Stewart, 2000).  Substantial bioremediation can occur at sub-zero temperatures and 
extending microbial degradation of PHC further into the winter months could reduce the amount 
of time required to remediate landfarmed soil (Rike et al., 2003). 
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Biochar is a soil amendment that results from the heating of organic biomass under oxygen 
limited conditions, and has been used in environmental remediation to sorb organic pollutants 
and stimulate microbial degradation (Lehmann et al., 2011; Ogbonnaya and Semple, 2013).  The 
type of feedstock and the conditions under which the pyrolysis is carried out, can drastically 
affect the chemical properties, elemental composition, and overall suitability of the resulting 
biochar as a soil amendment (Amonette and Joseph, 2009; McLaughlin et al., 2009).  Typical 
feedstocks include wood products, leaves, grasses, manures, sludges, or crop residues. Biochars 
produced from meat and bonemeal (MBM) are less common but contain large amounts of 
calcium phosphate (Betts et al., 2013).  Biochars derived from wood products generally have a 
higher carbon content, but lower ash, nitrogen, phosphorus, potassium, sulphur, and 
micronutrient contents than biochars derived from bonemeal (Amonette and Joseph, 2009).  
There are advantages and disadvantages to the use of all feedstocks; however, utilization of an 
effective local source of the feedstock is ideal in that it can stimulate the economy while 
recycling waste materials.  In northern climates, wood stocks can be limited, but there are often 
local sources of meat and/or bone available for use as a feedstock for biochar production. 
Whereas biochar additions may or may not contribute some nutrients to the soil (depending 
on the type of feedstock), a more important contribution is the ability of biochar to act as a driver 
for nutrient retention and transformation in the soil when supplemented with fertilizer (Glaser et 
al., 2002; Lehmann et al., 2003; Cantrell et al., 2012).  The highly porous structure and large 
surface area of biochar alters nutrient retention, cation exchange capacity, aeration, and 
hydrology within the soil pores (Atkinson et al., 2010).  For example, when sandy soils are 
combined with biochar, the water holding capacity and liquid water (θliquid) increases due to a net 
increase in surface area (Chan et al., 2007).  Similarly, soil-biochar interactions increase the 
amount of θliquid in the soil, increasing nutrient supply rates (NSR), which in turn can increase 
degradation of PHCs (Harvey et al., 2012).  In the presence of sufficient θliquid, microorganisms 
capable of living at the critical interface of water and ice (i.e., eutectophiles) catabolize PHCs 
under frozen conditions (Deming, 2002).  These microorganisms remain viable and 
metabolically active at low temperatures because the θliquid allows mass transfer processes to 
proceed. 
In addition to changing the soil environment, biochar may also provide unique habitats for 
specialized microorganisms to thrive in much the same way as organic matter additions (Rivkina 
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et al., 2000).  The porous structure of biochar particles provides a suitable habitat for 
microorganisms by supplying nutrients and providing protection from desiccation.  In turn, this 
promotes a larger microbial biomass, a greater abundance of culturable microorganisms and a 
higher metabolic efficiency relative to unamended soils (Thies and Grossman, 2006).  Thus, 
there are two possible mechanisms by which biochar can increase microbial degradation in 
frozen soil; i) the biochar may alter nutrient and water diffusion rates and ii) the biochar may 
provide a suitable habitat for microorganisms that degrade PHCs (Thies and Rillig, 2009).  
Microbial colonization is dependent on pore size distribution within the biochar, as micropores 
are too small for most soil microorganisms, and habitable pores can become obstructed by soil or 
microbial components (Thies et al., 2015).
Few studies have been conducted on biochar-amended, PHC contaminated soils under 
frozen conditions; therefore, the site-specific effectiveness of using biochar as a soil amendment 
and the mechanisms driving PHC remediation are not well understood.  The objectives of this 
study were to determine if MBM biochar additions could further enhance PHC degradation in 
fertilized, landfarmed soil from Iqaluit, Canada, and if so, to link this degradation to measurable 
chemical and microbial responses.  I hypothesize that fertilizer plus the addition of MBM 
biochar has the potential to increase PHC remediation in cold regions by extending 
bioremediation rates into frozen months by manipulating θliquid to supply nutrients and stimulate 
microbial activity.
3.4 Materials and Methods 
3.4.1 Soil and biochar characterization 
Soil contaminated with PHCs from a landfarm in Iqaluit, Canada (63°45’N,68°31’W) was 
used in a bench-scale laboratory trial to assess the effectiveness of MBM biochar and fertilizer to 
enhance PHC degradation in northern soils under frozen and thawed conditions.  Iqaluit is 
located on the shores of Frobisher Bay, and experiences a typical dry Arctic climate with average 
monthly temperatures below freezing for eight months of the year and approximately 400 mm of 
annual precipitation.  This area contains igneous Canadian Shield bedrock overlain by 
continuous permafrost. 
The soil used in this study was a mixture of weathered PHC contaminated 
material (i.e., P50 arctic grade diesel fuel, hydraulic, and heating oil) from Iqaluit and the 
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surrounding area, which had an average PHC content of 653 mg kg-1.  Total PHC breakdown 
was as follows; F1: 3 mg kg-1, F2: 156 mg kg-1, F3: 478 mg kg-1, and F4: 16 mg kg-1.  Petroleum 
hydrocarbons were extracted using Accelerated Solvent Extraction (ASE) and Canadian Council 
of Ministers of the Environment (CCME) column clean-up (see Section 2.4).  According to 
Tier 1 CCME Canada-wide standards (CWS) for residential land use and coarse-grained 
soils (Appendix A, Table A.1), F2-PHC concentrations already meet clean-up 
criteria (150 mg kg-1) while F3-PHCs exceed criteria (300 mg kg-1) by approximately 
178 mg kg-1. 
The sandy soil (94% sand) had a near-neutral pH (7.5), was deficient in major 
nutrients (i.e., extractable NO3--N [1.43 mg kg-1] and PO43--P [0.23 mg kg-1]) and had low 
organic carbon (0.67%) and gravimetric moisture (9.81%) content.  The MBM biochar (Titan 
Clean Energy Projects Corporation, Craik, SK) had a pH of 6.1, cation exchange capacity (CEC) 
of 35 cmolc kg-1, Brunauer-Emmet-Teller (BET) surface area of 31 m2 g-1, average pore volume 
of 0.1003 cm3 g-1, and an average pore size of 11.83 nm (Betts et al., 2013).  The major 
elements (present at concentrations >100 mg kg-1) in the biochar were C (346 g kg-1), 
Ca (135 g kg-1), P (72.6 g kg-1), K (18.2 g kg-1), Na (10.7 g kg-1), Fe (9.6 g kg-1), Mg (53 g kg-1), 
and Al (4.4 g kg-1) (Betts et al., 2013).  Composted sheep manure was locally sourced in Iqaluit 
and had a near neutral pH (7.4) and CEC of 90 cmolc kg-1.
3.4.2 Experimental setup 
Prior to start of the experiment, soil samples from various cells in the Iqaluit landfarm were 
sieved to remove large rocks, then combined and homogenized into the bulk starting material.  
Using a batch technique, the bulk soil was amended with urea (46-0-0) and/or monoammonium 
phosphate (MAP; 11-52-0) fertilizer and either compost or MBM biochar.  Two levels were used 
for each amendment; compost at 5% or 10% (w/w) and biochar at 3% or 6% (w/w), to observe 
the effects at low and high amendment levels.  Fertilizer additions (630 mg N kg-1 and 
70 mg P kg-1 dry weight basis) were applied to maintain a C:N:P ratio of 100:9:1, which is 
considered optimal for Arctic sites (Chang et al., 2010).  Whereas all treatments received 
nitrogen fertilizer, phosphorus fertilizer was only required for the control and compost treatments 
as biochar produced from bone is a potential source of calcium phosphate (i.e., hydroxyapatite) 
28 
and this particular MBM biochar contained enough residual phosphorus that extra fertilizer was 
not required (Warren et al., 2009). 
After amending each batch, the soil was re-homogenized, weighed into 60 mL glass amber 
vials and plugged with sterile cotton balls to maintain aerobic conditions.  Water was added to 
each vial to bring the soil to 60% of field capacity with the weight of each vial recorded; soil 
water content was monitored by regularly weighing the vials and adding water as needed to 
maintain the soil at 60% of field capacity.  All soil treatments were incubated at 10 °C, in 
addition, the fertilizer control and 6% (w/w) MBM biochar were incubated at -5 °C.  These two 
incubation temperatures were used to simulate summer and winter conditions in Arctic 
environments. 
3.4.3 Soil treatments 
Petroleum hydrocarbon degradation was examined under thawed conditions using five 
treatments, replicated eight times: (i) urea and MAP fertilizers; (ii) 3% (w/w) MBM biochar plus 
urea; (iii) 6% (w/w) MBM biochar plus urea; (iv) 5% (w/w) compost plus urea and MAP; and 
(v) 10% (w/w) compost plus urea and MAP (Table 3.1).  The soils were incubated at 10 °C and 
destructively sampled mid-vial at 0, 30, 60, and 90 days.  Day 0 treatments were incubated for 
24 hours to allow the soil to reach the targeted incubation temperature but will be referred to as 
Day 0 for the remainder of the manuscript.  Petroleum hydrocarbon degradation under frozen 
conditions was examined using two treatments, each with eight replicates: (i) urea and MAP 
fertilizer and (ii) 6% (w/w) MBM biochar plus urea (Table 3.1).  The soils were incubated 
at -5 °C and destructively sampled mid-vial at 0, 30, 60, and 90 days. 
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Table 3.1.  Biochar and compost treatments in thawed 
and frozen soils. 
Incubation 
Temperature Treatment 
10 °C Urea and MAP fertilizers 
3% (w/w) MBM biochar plus urea 
6% (w/w) MBM biochar plus urea 
5% (w/w) compost plus urea and MAP 
10% (w/w) compost plus urea and MAP 
-5 °C Urea and MAP fertilizers 
6% (w/w) MBM biochar plus urea 
3.4.4 Petroleum hydrocarbon analysis 
PHCs were extracted from soil samples using an ASE 200 System (Thermo Fisher 
Scientific, Burlington, ON).  In summary, approximately 1 g of soil was extracted using 20 mL 
of hexane and acetone at 1:1 volume, under elevated temperature and pressure of 200 °C and 
1500 psi, respectively.  Preliminary analysis concluded that PHCs in the test soil were found 
almost exclusively in the F2 and F3-PHC fractions (see Section 3.4.1).  Following ASE, the 
hydrocarbon extracts were passed through 50 cm columns containing sodium sulphate and silica 
gel to remove water and polar organic compounds, respectively (CCME, 2008).  Quality control 
measures included duplicates, which were within 10-20 relative percent difference, matrix and 
method blanks, as well as spike recoveries (average F2 and F3-PHC spike recoveries were 81% 
and 87%, respectively).  Both F2 and F3-PHC concentrations were quantified using a 
Varian CP3800 gas chromatograph fitted with a flame ionization detector (GC-FID) and 
chromatograms were analyzed using CompassCDS software (Varian, Santa Clarita, CA).  
Petroleum hydrocarbon data followed first-order kinetics, therefore, degradation rate 
constants (k) were derived as the slope of the natural log concentration (mg kg-1) versus 
time (days) (Newell et al., 2002). 
3.4.4.1 Degradation biomarkers 
Two linear (n-) alkanes, heptadecane (C17H36; C17) and octadecane (C18H38; C18), and two 
branched/cyclic (iso-) alkanes, 2,6,10,14-tetramethylpentadecane (C19H40; pristine, Pr) and 
2,6,10,14-tetramethylhexadecane (C20H42; phytane, Ph), were used to determine the extent of 
biodegradation for frozen treatments only.  Standards were run to identify retention times in 
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chromatograms containing each compound.  C17/Pr and C18/Ph ratios were calculated by dividing 
the area of the n-alkane by the area of the iso-alkane. 
3.4.4.2 Abiotic loss estimation 
Field-contaminated soil from Mestersvig, Greenland was used to estimate the degree of 
abiotic losses occurring as a result of the soil matrix and amendments.  The sandy soil (88% 
sand) had a pH of 7.6 and low organic carbon (0.56%), which was similar to the Iqaluit soils, but 
F2 and F3-PHC concentrations were much higher, at 1731 mg kg-1 and 3944 mg kg-1, 
respectively.  The soil was air-dried and sieved to pass an 850 µm screen and then brought to 
10% (w/w) water content, after which it was gamma irradiated to 30 kGy, which will sterilize 
most soils (McNamara et al., 2003).  The following treatments, each with 8 replicates, were 
applied: (i) soil, (ii) soil plus 3% (w/w) MBM biochar, (iii) soil plus 6% (w/w) MBM biochar, 
(iv) soil plus 5% (w/w) compost, and (v) soil plus 10% (w/w) compost.  Using a batch technique, 
the soil was homogenized and separated into amber glass vials containing zero headspace.  Zero 
headspace was used to limit volatilization and provide estimation for the extent of other major 
abiotic losses, such as sorption.  The vials were destructively sampled mid-vial for F2 and 
F3-PHC after 0 and 90 days.  A different PHC extraction method was used due to ASE 
breakdown after extraction of the Iqaluit soils; however, both methods had similar F2 and 
F3-PHC spike recovery so the extraction methods provide comparable results.  Petroleum 
hydrocarbons were extracted using a hexane-acetone extraction method, where 2.5 g soil plus 
30 mL hexane and acetone (1:1) were combined with sodium sulphate and shaken overnight, 
centrifuged to remove the supernatant and evaporated to approximately 2 mL with nitrogen 
gas (Schwab et al., 1999).  Quality control measures included duplicates, which were within 
10-20 relative percent difference, matrix and method blanks, as well as spike recoveries (average 
F2 and F3-PHC spike recoveries were 82% and 87%, respectively).
3.4.5 Liquid water content 
Volumetric water content was measured using time domain reflectometry (TDR), a 
technique that measures the dielectric constant of the medium.  The dielectric constant of 
water (Kwater = 80; Kice = 3.2) is much higher than other soil constituents (Kair = 1; 2 ≤ Ksoil ≤ 5), 
thus, the dielectric constant of the medium is proportional to the amount of θliquid present (Topp 
et al., 1980).  This technique is capable of measuring small quantities of θliquid; i.e., down to 
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0.05 m3 H2O m-3 soil (Siciliano et al., 2008), but requires a large volume of soil in order to 
generate waveforms without interference, thus, θliquid could not be measured directly from the 
experimental vials.  An uncontaminated reference soil with similar texture (95% sand) was 
sieved (< 4.75 mm), brought to 16% (w/w) water holding capacity and packed to a bulk density 
of 1.4 Mg m-3 into 4 inch polyvinyl chloride (PVC) pipe with one end capped.  Calibrated TDR 
probes were inserted and the pipes were frozen at -5 °C for 24 hours.  Soil θliquid was measured 
with a Tektronix 1502B cable tester (Tektronix, Beaverton, OR) and quantified using Topp’s 
equation (Topp et al., 1980).  Two treatments were measured in triplicate: (i) fertilizer (urea and 
MAP) and (ii) 6% (w/w) MBM biochar plus urea.  Soil texture, temperature, and bulk density are 
known to affect θliquid measurements when using TDR probes (Gong et al., 2003), therefore a 
sandy soil, incubated at the same temperature and packed to the same average bulk density of the 
Iqaluit soils was used to determine θliquid. 
3.4.6 Nutrient supply rates 
Samples from the 90 day incubation were processed for nutrient supply rates (NSR), with 
concentrations of the major nutrients (PO43--P, NO3--N, and NH4+-N) measured using anion and 
cation exchange resins (Western Ag Innovations, Saskatoon, SK).  Resins were charged with 
0.5 M NaHCO3 and sandwiched between two Snapcap® 7 Dram vial lids packed with air dried 
soil brought to field capacity and wrapped in Parafilm® (Qian and Schoenau, 2002; Schafer et al., 
2009).  Thawed treatments were incubated at 10 °C while frozen treatments were incubated 
at -5 °C.  After two weeks, the sandwiches were dissembled; the resins were rinsed with 
deionized water and shaken at 200 rpm for 1 hour in 0.5 M HCl.  Nutrient concentrations were 
measured colorimetrically; NH4+-N was measured using a Smart Chem™ 200 discrete wet 
chemistry analyzer (Westco Scientific Instruments Inc., Brookfield, CT), while NO3--N and 
PO43--N were measured using a Technicon™ AutoAnalyzer™ II (SEAL Analytical, Mequon, WI). 
3.4.7 Soil microbial community analysis 
3.4.7.1 Functional gene abundance 
Total community DNA was extracted from approximately 0.25 g of soil using the 
Powerlyzer™ Powersoil® DNA Isolation Kit (MO BIO Laboratories, Carlsbad, CA) to lyse cells 
and remove humic substances and other PCR inhibitors.  Yield was quantified using a Qubit®
Fluorometer (Thermo Fisher Scientific, Burlington, ON).  Treatments were analyzed for the 
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presence of specific catabolic genes (Table 3.2) encoding enzymes involved in PHC degradation 
pathways: alkane monooxygenase (alkB) (Powell et al., 2006a), naphthalene 
dioxygenase (nahAc) (Whyte et al., 1997; Luz et al., 2004), and catechol 2,3 
dioxygenase (C2,3O) (Baldwin et al., 2003).  Standards were prepared by extracting the DNA of 
American Type Culture Collection (ATCC) standard organisms, followed by PCR amplification 
with the corresponding primer set and repeated gel purification. 
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Table 3.2.  Primers and thermal conditions used for quantitative polymerase chain reaction (qPCR) amplification of 
alkane monooxygenase (alkB), catechol 2,3 dioxygenase (C2,3O), and naphthalene dioxygenase (nahAc). 
Target gene Ta‡ Primer Expected size Control 
Strain Primer sequence† (°C) (µM) (bp) 
Alkane monooxygenase (alkB) 50.0 1.0 100 P. putida 
F: 5'- AAC TAC ATC CGA GCA CTA CGG ATCC 29347 
R: 5'- TGA AGA TGT GGT TGC TGT TCC 
Catechol 2,3 dioxygenase (C2,3O) 65.6 1.0 406 P. putida 
F: 5'- AGG TGC TCG GTT TCT ACC TGG CCGA ATCC 29347 
R: 5'- ACG GTC ATG AAT CGT TCG TTG AG 
Naphthalene dioxygenase (nahAc) 47.0 1.0 377 P. putida 
F: 5'- CAA AAR CAC CTG ATT YAT GG ATCC 17484 
R: 5'- AYR CGR GSG ACT TCT TTC AA 
†Forward (F) and reverse (R) primers are indicated.  
‡Ta = annealing temperatures used during real-time PCR.  
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For qPCR gene amplification, 4 µL of template DNA was added to a 15 µL final volume 
mixture containing QuantiTect SYBR® Green RT-PCR Kit (Qiagen, Valencia, CA) and 1.0 µM 
each of forward and reverse primers.  After 10 minutes initial denaturing at 94 °C, amplification 
proceeded with 40 cycles of 1 minute denaturing at 94 °C, 30 seconds annealing at the 
appropriate temperature, 1 minute extension at 72 °C, followed by a melt curve analysis for 
15 seconds at 95 °C, 1 minute at 60 °C, and 15 seconds at 95 °C (Table 3.1).  Quality control 
measures included matrix blanks and a standard curve prepared in triplicate, ranging from 
108-102 gene copies µL-1.  All PCR fragments were visualized on SYBR® Safe-stained 1.5% 
agarose gels to ensure target gene amplification. 
3.4.7.2 Total heterotrophic PHC-degrading population 
The most probable number (MPN) technique was used to enumerate culturable, aerobic 
PHC-degrading microbial populations using 96-well microtiter plates.  Minimal salts 
medium (180 µL) was added to each well and supplemented with 3 µL of 5000 mg kg-1 F2-diesel 
fuel standard following serial dilution (Yergeau et al., 2009).  After 90 days, soil from each 
treatment was diluted in a saline phosphate buffer solution (PBS); 1 g of soil was mixed with 
9 mL of PBS to create a 1:10 dilution.  The first row of wells was inoculated with 20 µL of the 
1:10 dilution.  The subsequent wells in each column were inoculated by transferring 20 µL from 
the previous well to create a dilution series ranging from 10-2-10-7 gene copies µL-1.  The last 
row remained un-inoculated to serve as a sterile control.  Following incubation at room 
temperature for three weeks, 50 µL of filter sterilized iodonitrotetrazolium (INT) violet (3 g L-1) 
was added to identify positive wells (Haines et al., 1996).  Red or pink positive wells were 
scored after an overnight, room temperature incubation with INT.  Final count numbers were 
derived using an MPN calculator (Jarvis et al., 2010). 
3.4.8 Data analysis 
Data was tested for assumptions of normality and homogeneity of variance using the 
Shapiro-Wilk Test and Levene’s Test, respectively.  A student’s t-test was used for frozen 
k values and MPN data in which only two treatments were compared.  A one-way analysis of 
variance (ANOVA) was used for thawed k values, NSR, and MPN data, in which treatment was 
the only factor.  A two-way ANOVA was used for isoprenoid ratios, abiotic loss estimation, and 
qPCR data, where treatment, time, and interaction effects were considered.  Means separation 
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was performed using Tukey’s multiple comparisons test.  All data was processed in 
RStudio (Version 0.98.932) and visualized in Sigmaplot (Version 12.0). 
3.5 Results and Discussion 
3.5.1 Petroleum hydrocarbon degradation 
Meat and bonemeal biochar additions influenced PHC concentrations in frozen soil by 
increasing F3-PHC, but not F2-PHC, removal over a 90 day period.  In PHC contaminated soil 
incubated for 90 days at -5 °C, 3% MBM biochar reduced F3-PHC concentrations by 28% from 
656 ± 83 mg kg-1 to 473 ± 36 mg kg-1, while there was no significant change over time in the 
fertilizer control (Fig. 3.1).  After 90 days, F2-PHC concentrations in frozen soil were reduced to 
122 ± 14 mg kg-1 and 92 ± 17 mg kg-1 in 3% MBM biochar and the fertilizer control, 
respectively (Fig. 3.1).  Frozen soil amended with 3% MBM biochar had a significantly higher 
F3-PHC k values than the fertilizer control at 0.0036 ± 0.0016 d-1 and -0.0007 ± 0.0015 d-1, 
respectively; however, there were no significant differences between the fertilizer control and 
3% MBM biochar-amended soil when comparing F2-PHC k values (Table 3.3, t-test, P < 0.10). 
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Fig. 3.1.  Petroleum hydrocarbon (PHC) concentrations were measured in soil incubated 
under frozen conditions (-5 °C) over a 90 day period.  Two treatments, fertilizer (□) and 
3% (w/w) meat and bonemeal (MBM) biochar + fertilizer (■), were applied.  Each point is 
the average concentration (n = 8) of (A) F2-PHC (C10-C16) and (B) F3-PHC (C16-C34), with 
standard error bars representing the standard error of the mean. 
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Table 3.3.  First-order rate constants for F2 and F3-petroleum hydrocarbon (PHC) 
degradation in thawed (10 °C) and frozen (-5 °C) soils. 
Incubation 
Temperature Treatment 
Rate Constant (d-1)† 
F2 F3 
10 °C Fertilizer 0.0064 (± 0.0019) -0.0002 (± 0.0014)
10% Compost 0.0047 (± 0.0028) 0.0006 (± 0.0024) 
5% Compost 0.0042 (± 0.0018) 0.0006 (± 0.0013)
6% MBM Biochar 0.0028 (± 0.0015) -0.0029 (± 0.0009)
3% MBM Biochar 0.0007 (± 0.0019) -0.0004 (± 0.0020) 
-5 °C Fertilizer 0.0056 (± 0.0019) -0.0007 (± 0.0015)
3% MBM Biochar 0.0062 (± 0.0011) 0.0036 (± 0.0016)
†(mean ± standard error) 
Soils incubated under thawed conditions and amended with fertilizer alone or 5% compost 
exhibited increased F2-PHC removal when compared to soils amended with 10% compost, 
3% MBM biochar or 6% MBM biochar (Appendix A, Fig. A.1).  For example, F2-PHC 
concentrations decreased by 32% from 151 ± 10 mg kg-1 to 103 ± 15 mg kg-1 and by 12% from 
162 ± 13 mg kg-1 to 143 ± 13 mg kg-1, in 5% compost and 6% MBM biochar, respectively.  
Relative to soil amended with fertilizer alone, F3-PHC removal was greater in soils amended 
with 5% compost but lower in soils amended with 10% compost, 3% MBM biochar, or 
6% MBM biochar (Appendix A, Fig. A.1).  In thawed soils, there were no treatment differences 
for either F2 or F3-PHC k values, which ranged from 0.0007-0.0064 d-1 and -0.0029-0.0006 d-1, 
respectively (Table 3.2, ANOVA, P < 0.10).  Although treatment differences were insignificant, 
these trends suggest that the fertilizer only treatment was more successful in decreasing F2-PHC 
while 5% compost was more effective in decreasing both F2 and F3-PHCs. 
From both the F2 and F3-PHC concentrations in the soil, and the calculated k values, it was 
established that there were no significant differences between treatments in thawed soils, which 
is likely due to the extensive variability within treatments (i.e., relative standard deviations of up 
to 52% and 28% in F2 and F3-PHCs).  Variability at northern sites has been observed in 
phytotoxic responses to boric acid (Anaka et al., 2008), which is enhanced under low θliquid
conditions (Schafer et al., 2009), and significant variation in relative standard deviations (up to 
28%) of PHC concentrations has also been reported (Paudyn et al., 2008).  Although treatment 
differences were expected, especially under thawed conditions, trends in the data still provide 
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insight into the suitability of compost and MBM biochar as soil amendments in northern 
environments but render any definitive conclusions difficult. 
Under frozen, but not thawed, conditions, 3% MBM biochar successfully increased 
F3-PHC k values when compared to the fertilizer control but had little effect on F2-PHC.  Due to 
extensive variability (i.e., relative standard deviations of up to 35% and 41% in F2 and F3-PHCs, 
respectively) and negative k values, which reflect an increase in PHCs over time, the differences 
specifically observed in frozen F3-PHCs may not be a reliable indication of significant 
remediation.  In soils with adequate nutrients, temperature, and θliquid, there may be limited 
response from biochar applications because there are no environmental factors limiting soil 
physical, chemical, or biological processes (Lehmann, 2007).  Although the frozen and thawed 
treatments had similar soil properties and fertilizer additions, frozen soils are limited by 
temperature, θliquid, nutrient availability, and gas exchange.  These limiting conditions could 
contribute to the enhanced response of MBM biochar as its application altered the physical 
environment (i.e., θliquid), which in turn, alleviated some of these limitations.  Petroleum 
hydrocarbons are separated into fractions based on equivalent straight-chain hydrocarbon boiling 
point ranges, so lighter F2-PHC (C10-C16) are generally catabolized by PHC-degrading 
microorganisms or volatilized before heavier F3-PHC (C16-C34).  The observed reductions in F2 
and F3-PHCs could be a result of varying degrees of abiotic processes such as volatilization and 
sorption-desorption, as well as, microbial catabolism.  Thus, it was crucial to analyze isoprenoid 
ratios and estimate abiotic losses to identify the dominant mechanism driving PHC degradation 
in these frozen soils to facilitate the evaluation of PHC degradation. 
3.5.1.1 Degradation biomarkers 
Under frozen conditions, microbial degradation drove F2 and F3-PHC reductions in both 
the fertilizer control and MBM biochar-amended soils.  The combination of both treatments 
yielded significantly lower C17/Pr and C18/Ph ratios from Day 0 (0.618 ± 0.080 and 
0.719 ± 0.020, respectively) to Day 90 (0.558 ± 0.060 and 0.000 ± 0.000, respectively) (Fig. 3.2, 
ANOVA, P < 0.10).  However, after Day 60, C18/Ph was not detectable in chromatograms from 
either treatment.  Generally, the chemical structure determines how PHCs will be preferentially 
degraded; n-alkanes > iso-alkanes > aromatics (Atlas, 1981).  Under aerobic conditions, 
microbial catabolism of n-alkanes follows this general pattern and it is reflected by a decrease in 
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C17/Pr and C18/Ph ratios over time (Atlas, 1995).  The n-alkane and corresponding iso-alkane 
volatilize at a similar rate; so, it is likely that a change in the isoprenoid ratios reflects 
biodegradation.  Therefore, these results suggest that at -5 °C, aerobic microbial degradation is 
active and volatilization makes negligible contributions to PHC reductions in these soils. 
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Fig. 3.2.  Isoprenoid ratios C17/Pr and C18/Ph were measured in frozen treatments over 
90 days.  Each point is the average concentration (n = 8) of C17/Pr and C18/Ph, with 
standard error bars representing the standard error of the mean.  In both fertilizer (□) and 
3% MBM biochar-amended soils (■), the complete disappearance of C18 was evident by 
Day 90. 
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3.5.1.2 Abiotic loss estimation 
Abiotic losses of F2 and F3-PHCs were dependent on amendment application rate, rather 
than time.  Petroleum hydrocarbon concentrations in sterile soils were not significantly different 
at Day 0 and Day 90 in the control or amended soils, which indicate that the majority of abiotic 
losses occurred within 24 hours (ANOVA, P < 0.05).  Significant differences were not evident 
when the control soil was compared to 3% MBM biochar (F2 and F3-PHC) and 6% MBM 
biochar (F2-PHC) (Fig. 3.3, ANOVA, P < 0.05).  Conversely, 5% and 10% compost (F2 and 
F3-PHC) and 6% MBM biochar (F3-PHC) had significantly less PHC than the control 
soil (ANOVA, P < 0.05), which could be attributable to rapid adsorption of PHC to these 
amendments.  Assuming there is no microbial degradation in sterilized soil and minimal 
volatilization in aged PHC contaminated soil in sealed vials, any differences in PHC 
concentrations when comparing the control soil to the amended soils might be attributed to 
sorption to the compost and biochar amendments.  Pure MBM biochar and compost samples 
were also extracted to determine any co-extraction of organics which would overestimate PHC 
concentrations, but once extracted, these samples contained < 10 mg kg-1 F2 and F3-PHCs.  The 
sorption affinity of pyrogenic organic matter, or biochar, is usually non-linear as the sorption of a 
specific compound to biochar decreases with increasing concentration, which indicates 
adsorption to external or internal surfaces (Yang and Sheng, 2003).  Abiotic losses are much 
lower in field-contaminated soils and decrease with increasing concentration (Riser-Roberts, 
1998), therefore, it is possible that the large difference between F2 and F3-PHC concentrations in 
the Greenland and Iqaluit soils would provide an underestimation of the degree of abiotic losses 
occurring in the Iqaluit soils.  In summary, it is expected that sorption and other abiotic losses 
could affect initial PHC concentrations, specifically in compost-amended soils, with little or no 
subsequent effect over a 90 day period. 
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Fig. 3.3.  The effects of meat and bonemeal (MBM) biochar and compost on abiotic loss of 
F2 and F3-petroleum hydrocarbons (PHCs).  Field-contaminated soil was sterilized and 
amended with 10% and 5% (w/w) compost and 6% and 3% (w/w) MBM biochar; the soil 
contained approximately 6,500 mg kg-1 of total petroleum hydrocarbons (TPH) at Day 0.  
Each treatment was extracted for F2 and F3-PHCs to determine the extent of abiotic losses 
by each amendment.  Each bar represents the average concentration (n = 8) for each 
treatment, with standard error bars representing the standard error of the mean.  Within 
each treatment, Day 0 and 90 were not significantly different, thus, letters indicate 
significant differences between treatments (ANOVA, P < 0.05). 
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3.5.2 Liquid water content 
Liquid water (θliquid) is present in soils frozen at -5 °C, ranging from 0.019-0.075 cm3 cm-3, 
and under frozen conditions, MBM biochar significantly increased θliquid compared to the 
fertilizer control (ANOVA, P < 0.10).  Frozen soils amended with 3% MBM biochar had an 
average θliquid of 0.066 ± 0.005 cm3 cm-3, which is 40% higher than the θliquid of soils amended 
with fertilizer only (0.039 ± 0.011 cm3 cm-3).  The results from this study are in accordance with 
a study that demonstrated switchgrass biochar pyrolyzed at 250 °C and 500 °C increased water 
storage relative to the control.  It should be noted, however, these results were attained under 
thawed conditions using a plant-based biochar (Novak and Watts, 2013).  Based on θliquid and 
pore size data of the MBM biochar used in this experiment, an increase in θliquid can be related to 
an increase in average pore volume and a decrease in average pore size (Harvey et al., 2012).  
Biochar application to soil decreases bulk density, and increases porosity and water holding 
capacity in sand and silt loam soils (Tian et al., 2015).  The formation of ice is dependent on pore 
size; as pore size decreases, the freezing point of pore water decreases, which could allow more 
θliquid to exist in frozen soil amended with biochar.  To my knowledge, this is the only θliquid 
measurement taken for MBM biochar-amended soils under frozen conditions.  In this study, 
θliquid measurements were not taken in the same soils in which PHC degradation, NSR, or 
functional gene abundance were measured.  Indeed, this soil had a similar texture as the Iqaluit 
soils, but any interpretation of the results is based on extrapolation to the Iqaluit soils, not direct 
θliquid measurements. 
3.5.3 Nutrient supply rates 
Under thawed conditions, the fertilized control soil had greater PO43- and NH4+ availability 
when compared to soils with high and low application rates of MBM biochar and compost, while 
there was no difference between control and amended treatments under frozen 
conditions (Fig. 3.4).  Several significant trends were detected under thawed conditions; i.e., 
compost had higher NH4+-N and NO3--N availability as compared to MBM biochar (Figs. 3.4B 
and C), whereas PO43--P availability was greater in MBM biochar treatments (Fig. 3.4A).  
Overall, lower NSRs occurred in the frozen treatments, although sufficient nutrients were still 
available to support microbial activity.  This is supported by other research which demonstrates 
that bioremediation is a viable remediation strategy, even under frozen conditions (Harvey et al., 
2012).
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Fig. 3.4.  Soil collected at 90 days was incubated for 3 weeks with anion or cation exchange 
resins and nutrient supply rates were measured for: (A) phosphate (PO43--P), 
(B) nitrate (NO3--N), and (C) ammonium (NH4+-N).  Each bar represents the average 
concentration (n = 8) for each treatment, with standard error bars representing the 
standard error of the mean.  Different letters represent significantly different nutrient 
supply rates (ANOVA, P < 0.05). 
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3.5.3.1 Phosphorus 
Biochars derived from bone are known to have a liming effect on the soil, and 
P dissolution has been found to decrease with increasing pH (Warren et al., 2009; Parvage et al., 
2013).  Phosphate fixation occurs in alkaline soils (pH 6-8) as phosphate reacts with both the 
ionic and carbonate forms of Ca (i.e. the most predominant element in MBM biochar) to produce 
an insoluble mineral (Betts et al., 2013).  Bonemeal biochar application can enhance 
P availability at low application rates (i.e., 0.5-1% [w/w]), but can also inhibit P availability at 
high application rates (i.e., 1-4% [w/w]) (Parvage et al., 2013).  Both MBM biochar application 
rates (3% w/w and 6% w/w) used in this study would be considered ‘high’ so precipitation by 
calcium ions is likely limiting PO43- availability under thawed conditions.  Another method by 
which biochar can reduce P availability is through microbial stimulation and subsequent 
immobilization of available phosphate, but the mechanisms by which biochar stimulates 
microbial activity remain unclear (Powell et al., 2006a).  Total phosphate and phosphate 
speciation influences the rate of PHC degradation (Siciliano et al., 2016), but under frozen 
conditions, PO43--P was below detection in both the control and MBM biochar-amended 
treatments (Fig. 3.4A), making it difficult to establish the role of phosphate in PHC degradation 
in frozen soil. 
3.5.3.2 Nitrogen 
Direct adsorption of positively charged cations to biochar occurs due to its high CEC and 
overall negative charge.  Although dependent on nutrient and biochar type, adsorption isotherms 
demonstrate that NO3- and PO43- are not readily adsorbed to biochar while NH4+ displays 
intermediate adsorption behavior (Yao et al., 2012).  Under thawed conditions, 
MBM biochar-amended soils had lower NH4+-N and NO3--N availability (Fig. 3.4), which is 
likely due to direct sorption of NH4+ to the biochar and, in turn, a reduction in nitrification and 
subsequent NO3- availability (Ulyett et al., 2014).  Under frozen conditions, there was no 
difference in NH4+-N and NO3--N availability between control and MBM biochar-amended 
treatments; this indicates that adsorption to biochar could be weaker in frozen soils, resulting in 
more available nitrogen. 
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3.5.4 Soil microbial community 
3.5.4.1 PHC-degrading population 
Soil collected at Day 90 was enumerated and total PHC-degrading populations were higher 
in 3% MBM biochar-amended soils compared to the fertilizer control.  However, the difference 
was only significant in frozen soils which suggest a temperature-dependent microbial 
response (Table 3.4, ANOVA, P < 0.05).  Under frozen conditions, MPN counts in the fertilizer 
control were significantly lower than 3% MBM biochar, at 4.19 ± 0.19 log10MPN, and 
4.63 ± 0.19 log10MPN, respectively (t-test, P < 0.05).  In thawed soils, there were no significant 
differences in MPN between treatments collected at 90 days (ANOVA, P < 0.05). 
Table 3.4.  Culturable, aerobic, petroleum hydrocarbon degrading microbial populations 
were enumerated from soils amended with 3% (w/w) meat and bonemeal (MBM) biochar 
and the fertilizer control treatment under thawed (10 °C) and frozen (-5 °C) conditions. 
Incubation 
Temperature Treatment log10(MPN) 
Standard 
Deviation 
10 °C Fertilizer 4.12 0.19 
10% Compost 4.59 0.21 
5% Compost 4.59 0.21 
6% MBM Biochar 4.22 0.20 
3% MBM Biochar 4.33 0.20 
-5 °C Fertilizer 4.19 0.19 
3% MBM Biochar 4.63 0.19 
3.5.4.2 Functional gene abundance 
Following a 90 day incubation at -5 ºC, there was a significant increase in gene copy 
numbers for the functional genes C2,3O and nahAc; conversely, there was no change in alkB
gene copy numbers (Fig. 3.5, ANOVA, P < 0.05).  The following temporal trends occurred in 
thawed treatments, i) nahAc gene copy numbers significantly decreased in all treatments, 
ii) C2,3O gene copy numbers decreased in all treatments excluding the fertilizer control, and 
iii) alkB gene copy numbers decreased in all treatments, with the exception of 
5% compost (ANOVA, P < 0.05). 
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Fig. 3.5.  Thawed and frozen treatments at 0 and 90 days were analyzed for the presence of 
the following catabolic genes: (A) naphthalene dioxygenase (nahAc), (B) catechol 2,3 
dioxygenase (C2,3O) and (C) alkane monooxygenase (alkB), using quantitative polymerase 
chain reaction (qPCR).  Each bar represents the average normalized concentration (n = 8) 
of gene copy numbers per gram of dry soil for each treatment and time period, with 
standard error bars representing the standard error of the mean.  Asterisks (*) indicate 
that under frozen conditions, both fertilizer and 3% meat and bonemeal (MBM) biochar 
treatments significantly increased C2,3O and nahAc gene copy numbers after 90 days 
incubation (ANOVA, P < 0.05). 
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3.5.4.3 Effect of biochar on the soil microbial community 
The degradation of short to medium n-alkanes are encoded by alkB, which uses 
hydroxylase to begin alkane metabolism, while nahAc and C2,3O both use enzymes to fissure 
aromatic PHC rings (Cerniglia, 1992; Van Beilen and Funhoff, 2007).  Under thawed conditions, 
all three functional genes decreased in abundance over time in the majority of treatments, which 
suggests alkane and aromatic compounds had degraded, however, approximately 125 mg kg-1 of 
F2 and F3-PHCs remained in the soil after 90 days.  Generally, an increase in gene copy number 
would precede aliphatic or aromatic hydrocarbon degradation, and a decrease would occur after 
those compounds had been degraded (Sei et al., 2003; Powell et al., 2006a).  In contrast, 
increased copy numbers in aromatic functional genes (nahAc and C2,3O) were observed in the 
fertilizer and biochar-amended soils incubated at -5 °C, but only MBM biochar additions 
stimulated growth of total PHC-degrading populations.  This combination of increased microbial 
activity unique to aromatic and total-PHC degraders appears linked to the reduction in F3-PHC 
concentrations under frozen conditions.  Similar studies have found that biochar can stimulate 
polycyclic aromatic hydrocarbon (PAH)-metabolizing activity by increasing gene copy numbers 
associated with PAH degradation and by changing the structure of the microbial community (Liu 
et al., 2014), which supports the results obtained from frozen, but not thawed, incubations. 
3.6 Conclusions 
Although there were no clear treatment differences in k values in soils incubated at 10 °C 
for either F2 or F3-PHC, MBM biochar increased k values at -5 °C in F3, but not F2-PHC, when 
compared to the fertilizer control.  Taking into consideration the large variation within treatment 
and negative k values calculated for F3-PHCs in both frozen and thawed soils, there is some 
evidence to suggest that MBM biochar additions will influence PHC degradation in northern 
landfarms but based on the limitations of this experiment, further studies are needed to confirm 
these results.  Immediate abiotic losses were evident, especially with compost amendments, but 
did not appear to affect PHC concentrations after Day 0; therefore, reductions over time in F2 or 
F3-PHC in the experimental soils are not associated with abiotic losses, such as sorption by the 
amendments, but rather, microbial degradation.  Isoprenoid ratios, compared only in frozen soils, 
also suggest that microbial catabolism is active. 
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Supporting increased F3-PHC degradation in frozen, biochar-amended soils were increases 
in total PHC-degrading microorganisms and θliquid.  Measurements were taken in a reference soil, 
but due to the similar texture between soils, these results can be extrapolated.  Under frozen 
conditions, functional genes encoding aromatic degradation pathways increased, but this 
occurred in both the fertilizer control and MBM biochar-amended soils.  This may be attributable 
to differences in microbial community dynamics under different temperature regimes but is not 
clearly linked to PHC degradation in either thawed or frozen soils.  There was no evidence that 
MBM biochar additions influenced nutrient availability under frozen conditions. 
Whereas there is ample data concerning PHC remediation in Arctic soils, to my 
knowledge, there is little to no data available on biochar applications in PHC contaminated soils 
in cold regions.  Ex-situ remediation is an established technique; however, protocols for reducing 
PHC contamination have yet to address the need for active remediation during the winter, which 
encompasses the majority of the year (8-10 months) in northern environments.  Overall, the 
results of this laboratory study provide the basis for more in-depth investigation into the 
feasibility of large-scale biochar production, application, and resulting long-term effects on soil 
chemical, physical, and biological properties in northern environments. 
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4. APPLICATION METHOD AND BIOCHAR TYPE AFFECT PETROLEUM HYDROCARBON 
DEGRADATION IN NORTHERN LANDFARMS2
4.1 Preface 
In frozen soils, meat and bonemeal biochar increased F3-PHC degradation rates but based 
on the limitations of a single laboratory study, further investigation was recommended.  This 
prompted evaluation of how different biochar feedstocks and application methods can influence 
the suitability and efficacy of biochar applications to PHC contaminated soils in the laboratory 
and field.  This study was carried out by evaluating PHC degradation in i) soils amended with 
different biochars in a laboratory study incubated under frozen conditions, ii) soils amended with 
different biochars and incubated for one year in the field, and iii) soils amended with different 
biochars using slurry and injection application methods and incubated for one year under field 
conditions.  The overall objective of this study was to determine if biochar type and application 
method influence PHC degradation rates under field conditions. 
2 This chapter was published, with minor formatting differences, as Karppinen, E.M., S.D. Siciliano, and K.J. 
Stewart. 2017. Application method and biochar type affect petroleum hydrocarbon degradation in northern 
landfarms. J. Environ. Qual. 46:751–759.  Dr. Stewart organized the Iqaluit and Whitehorse field trials, supervised 
the laboratory study, contributed funding for the purchase of supplies and critical equipment, and provided editorial 
input.  Dr. Siciliano contributed funding for the purchase of supplies and critical equipment, assisted with technical 
content and interpretation, and provided editorial input.  I assisted with experimental setup and design, conducted 
laboratory analyses, completed the initial manuscript draft, prepared the figures and tables, and completed data 
analysis and interpretation. 
51 
4.2 Abstract 
Integrating biochar as a practical and successful remedial amendment at northern 
landfarms requires that its formulation and application be optimized for site-specific 
environmental conditions.  Different biochar amendments were applied to petroleum 
hydrocarbon (PHC) contaminated soil at two northern field sites (Iqaluit and Whitehorse) and in 
a laboratory study at -5 °C, to determine the effects of application method (injection or 
incorporation) and biochar type (wood, fishmeal, bonemeal and/or compost) on PHC degradation 
and associated soil properties.  Incorporation decreased F2 (equivalent nC10-C16) and 
F3 (equivalent nC16-C34) PHC concentrations in soil after 31 days, while injection did not 
decrease PHC concentrations until Day 334.  Under controlled laboratory conditions, 
bonemeal-derived biochar selectively stimulated F3-PHC degradation in frozen soil over 
90 days.  In the field, there was little difference in PHC degradation between biochar types and 
the fertilizer control.  Incorporation also increased NO3--N availability, and in field trials, all 
biochars increased NO3--N availability relative to the fertilized control, whereas the effects of 
biochars on NH4+-N and PO43--P were variable.  Aromatic functional gene abundance was 
enhanced when treatments were incorporated, compared to when injected.  In field trials, 
6% Zakus wood plus fertilizer inhibited aliphatic and aromatic gene abundance.  Liquid water 
content increased in incorporated treatments, specifically those amended with fishmeal biochar.  
Incorporation was the most successful application method for these northern soils, and while 
biochar amendments are not clearly effective in reducing PHC concentrations, there is evidence 
to suggest certain biochars can beneficially influence soil properties and PHC degradation under 
specific environmental conditions. 
4.3 Introduction 
Petroleum hydrocarbon (PHC) contaminated sites are found ubiquitously throughout 
northern Canada and landfarming, the process of excavating and spreading contaminated soils in 
layers or windrows, is often used as an ex-situ remediation strategy (Paudyn et al., 2008; Chang 
et al., 2010).  In many cases, PHC-affected soil must be excavated because it is in close 
proximity to residential dwellings, a spill has occurred in a remote location, or environmental 
conditions (i.e., sub-zero temperatures, low moisture content, limited nutrient availability) do not 
readily support PHC degradation.  Regardless of the situation, large amounts of PHC 
contaminated soil are received at landfarm facilities and remediated using fertilizers and 
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intermittent soil turning.  This process can be lengthy due to a short thawed 
season (2-4 months/year) and extreme environmental conditions (Mohn and Stewart, 2000).  
Logistical challenges in northern Canada, including the cost and time involved with shipping 
large volumes of soil amendments, also contribute to delays in remediation. 
In an effort to improve soil fertility and function, amendments such as compost, fertilizer, 
and more recently, biochar, have been evaluated for use in agronomic and environmental 
applications.  The highly porous structure and large surface area of biochar can alter nutrient 
retention, cation exchange capacity (CEC), aeration, and hydrology within the soil 
pores (Atkinson et al., 2010).  Biochar studies have yielded variable results but some positive 
outcomes include increased nutrient retention and water holding capacity (Karer et al., 2013), 
improvements in the sorption of organic contaminants, herbicides, and metals (Nartey and Zhao, 
2014; Zhang et al., 2016; Szmigielski et al., 2017), and enhanced microbial activity (Zhang et al., 
2014b).  Based on these potential changes in soil properties, biochar could stimulate PHC 
degradation while utilizing waste products from local industries, however, its success and 
practicality under field conditions has not been well-studied, especially in northern 
environments (Hale et al., 2015).  To my knowledge, there are a limited number of field studies 
involving biochar or activated carbon applications for PHC remediation (Cho et al., 2012; Hale 
et al., 2012; Meynet et al., 2012). 
It is well established that the feedstock source and pyrolysis temperature have a large effect 
on the suitability of biochar as an agricultural or remedial amendment (Singh et al., 2010).  
Common feedstocks range from plant/woody material to animal rendering wastes, and pyrolysis 
temperatures of ≤ 500 °C produce biochars with ideal hydraulic properties and enhanced nutrient 
retention in sandy soils (Uzoma et al., 2011; Kinney et al., 2012), resulting from higher surface 
area and ash content (Singh et al., 2010).  Although biochar itself can contribute some available 
nutrients, it is most effective when supplemented with fertilizer (Glaser et al., 2002; Lehmann et 
al., 2003; Cantrell et al., 2012).  The accessibility of a local feedstock that is available in 
sufficient quantities is also an important factor to consider, especially for large-scale landfarm 
application in remote northern environments. 
Biochar contains a significant powder fraction which can become airborne in light wind 
during transport or application.  For example, during the establishment of a fine-grained biochar 
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field trial, approximately 30% of biochar was lost during loading, transport, and spreading (Husk 
and Major, 2011).  Adding moisture to biochar can greatly reduce wind losses and Table B.1, in 
Appendix B, summarizes biochar applications as slurries that are injected, incorporated, or 
top-dressed.  Top-dressed biochar, which is applied to the surface of the soil, can be eroded from 
steep slopes or even level areas after intense precipitation; therefore, the best way to mitigate 
water erosion is to apply biochar through injection, where biochar is applied below the soil 
surface at specific spacing and depth, or incorporation, where biochar is homogenized into the 
soil (Rumpel et al., 2006; Major et al., 2010).  While incorporation is strictly an ex-situ
remediation strategy, injection could be applied in-situ or possibly provide a less intensive 
ex-situ strategy that could reduce or eliminate the need for periodic soil turning. 
A laboratory study and two years of field trials at two different northern landfarm facilities 
were used to evaluate the effects of application method and biochar type on indicators of PHC 
remediation.  The objectives of this study were to determine if: i) application method of biochar 
and/or fertilizers will influence PHC degradation, ii) certain biochar feedstocks plus fertilizer 
increases PHC degradation significantly more than conventional amendments (fertilizer only), 
iii) the soil microbial community is affected by application methodology and biochar additions 
and, iv) there is any link between PHC degradation and physical and chemical soil properties.
4.4 Materials and Methods 
4.4.1 Soil and biochar characterization 
Landfarm field trials occurred simultaneously at two sites in northern Canada; one at a land 
treatment facility in Whitehorse, Yukon (60°42’34”N,135°04’07”W), and another at Nunatta 
Environmental Services in Iqaluit, Nunavut (63°45’00”N,68°33’00”W).  These sites differ in 
terms of climate and geology, so the soils were characterized for various physical and chemical 
parameters (Appendix B, Table B.2).  To aid visualization, a schematic summarizing site 
locations, average climatic conditions and field trials is available in Appendix B (Fig. B.1).  
Fishmeal biochar (Titan Clean Energy Projects, Craik; Fig. 4.1) and bonemeal and wood 
biochars (Zakus Farms, Whitehorse; Fig 4.1) were characterized for pyrolysis temperature, 
Brunauer-Emmet-Teller (BET) surface area, average pore volume, average pore size, pH, cation 
exchange capacity (CEC), and ash content (Appendix B, Table B.3).  Two types of compost used 
in field trials were also characterized for pH and CEC (Appendix B, Table B.3). 
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Fig. 4.1.  Fishmeal, bonemeal, and wood biochars used in the Biochar Type Trial and 
Biochar Application Trial. 
4.4.2 Experimental setup 
4.4.2.1 Field trials 
For the field trials, F2 (equivalent nC10-C16) and F3 (equivalent nC16-C34) -PHC 
contaminated soils (i.e., contaminated through accidental spills in local northern environments) 
were collected from landfarm storage cells and amended with biochar and compost treatments.  
White polypropylene bulk bags (92 cm in length by 92 cm in width by 77 cm in height), 
containing 0.5 m3 (both locations in the Biochar Application Trial) and 1.0 m3 (both locations in 
the Biochar Type Trial) of amended soil, were used to contain experimental treatments at each 
landfarm.  The bulk bags were randomly placed in storage cells and exposed to natural weather 
conditions for one year. 
Slurries were prepared using biochar (at 6% v/v) and/or fertilizer plus 100 L of water.  
Injected and incorporated amendments were homogenized in pails with a cordless drill equipped 
with a paint mixer attachment, and constantly agitated.  Injected amendment slurries were 
divided evenly into four pre-excavated holes on a 30 cm grid (Roberts et al., 1992), while 
incorporated slurries were mixed homogenously throughout the soil (Fig. 4.2). 
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Fig. 4.2.  Injected and incorporated amendment slurries applied to petroleum 
hydrocarbon (PHC) contaminated soil contained in mini bulk bags. 
In all treatments, ammonium nitrate (34-0-0) and triple super phosphate (0-45-0) fertilizers 
were added to maintain a C(TPH):N:P ratio of 100:9:1 (Chang et al., 2010).  In all studies, a 
fertilizer only treatment was used as a control as fertilization is currently the best management 
practice in northern landfarms, and many studies demonstrate that biochar alone cannot supply 
fertilizer requirements (Karer et al., 2013; Ahmed and Schoenau, 2015).  All 
amendments (biochar and compost) were applied on a volume by volume (v/v) basis.  Each bulk 
bag was subsampled monthly until soils were frozen and samples were stored at -20 °C in 
120 mL amber glass jars until analysis.  A soil auger was used to sample at a depth of 50 cm 
within each bulk bags. 
4.4.2.2 Biochar application trial 
In Iqaluit, PHC contaminated soil (400 mg kg-1 F2-PHCs and 100 mg kg-1 F3-PHCs) was 
loaded into the feed hopper of a rotary screening plant which removed stones and debris.  
Injected treatments did not require amendment homogenization so contaminated soil was moved 
by conveyer belt to fill each bulk bag with approximately 0.5 m3 of material, after which, 
amendment slurries were added to four pre-excavated holes.  Soil required for incorporated 
treatments was loaded into the feed hopper and amendment slurries were added.  The feed 
hopper was allowed to turn with the gate closed until the material was evenly mixed, then 
allowed to move down the conveyer belt so that each bulk bag contained 0.5 m3 of amended soil.  
In Whitehorse, residually contaminated soil (< 10 mg kg-1 F2 and F3-PHCs) from multiple 
locations at the landfarm were piled and homogenized using a skid steer equipped with a root 
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grapple bucket.  For injected treatments, approximately 0.5 m3 contaminated soil was separated 
into white polypropylene bulk bags using a small excavator, after which, amendment slurries 
were applied to four pre-excavated holes.  Incorporated treatments were mixed in batches using a 
skid steer, and following homogenization, 0.5 m3 was added to each bulk bag. 
The following treatments were applied (Table 4.1) using both application 
methods (injected or incorporated), each with six replicates: (i) fertilizer (F), (ii) 6% Titan 
fishmeal biochar plus fertilizer (6TF), and (iii) 6% Zakus wood biochar plus fertilizer (6ZW).  
An additional treatment, 6% Zakus bonemeal biochar plus fertilizer (6ZB), was used in 
Whitehorse, but could not be applied in Iqaluit due to logistical restraints with biochar 
production. 
Table 4.1.  Treatments applied at Whitehorse and Iqaluit in the Biochar 
Application Trial. 
Location Treatment Description 
Whitehorse F Fertilizer 
6TF 6% Titan fishmeal biochar + fertilizer 
6ZW 6% Zakus wood biochar + fertilizer 
6ZB 6% Zakus bonemeal biochar + fertilizer 
Iqaluit F Fertilizer 
6TF 6% Titan fishmeal biochar + fertilizer 
6ZW 6% Zakus wood biochar + fertilizer 
4.4.2.3 Biochar type trial 
In Iqaluit, soil contaminated with P-50 arctic grade diesel fuel (1500 mg kg-1 F2-PHCs and 
200 mg kg-1 F3-PHCs) was collected from the Nunatta Environmental landfarm.  Petroleum 
hydrocarbon contaminated soil plus amendments were loaded into the feed hopper of a rotary 
screening plant which removed stones and debris while homogenizing the soil and amendments. 
For each treatment, the amended soil was moved by conveyer belt to fill each bulk bag with 
approximately 1 m3 of material.  In Whitehorse, PHC contaminated soil (900 mg kg-1 F2-PHCs), 
was collected from storage cells in the landfarm.  The soil plus amendments was separated into 
piles and homogenized using a skid steer equipped with a root grapple bucket.  For each 
treatment, approximately 1 m3 of amended soil was added to each bulk bag. 
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The following treatments (Table 4.2), each including five replicates, were used to amend 
PHC contaminated soil; (i) fertilizer (F), (ii) 3% Titan fishmeal biochar plus fertilizer (3TF), 
(iii) 6% Titan fishmeal biochar plus fertilizer (6TF), (iv) 6% Titan fishmeal biochar plus 
5% compost plus fertilizer (6TFC), and (v) 6% Zakus wood biochar plus fertilizer (6ZW). 
Table 4.2.  Treatments applied at Whitehorse and Iqaluit in the Biochar Type Trial. 
Location Treatment Description 
Whitehorse F Fertilizer 
3TF 3% Titan fishmeal biochar + fertilizer 
6TF 6% Titan fishmeal biochar + fertilizer 
6TFC 6% Titan fishmeal biochar + 5% compost + fertilizer 
6ZW 6% Zakus wood biochar + fertilizer 
Iqaluit F Fertilizer 
3TF 3% Titan fishmeal biochar + fertilizer 
6TF 6% Titan fishmeal biochar + fertilizer 
6TFC 6% Titan fishmeal biochar + 5% compost + fertilizer 
6ZW 6% Zakus wood biochar + fertilizer 
4.4.2.4 Pilot study 
Petroleum hydrocarbon contaminated soil (600 mg kg-1 F2-PHCs and 200 mg kg-1
F3-PHCs) from the Whitehorse landfarm was collected from below a 0.5 m layer of overburden 
material.  The soil and biochar amendments were passed through a 4.75 mm sieve and 
homogenized in a stainless steel bowl.  The following four treatments, each including five 
replicates, were used: (i) fertilizer (F), (ii) 6% Titan fishmeal biochar plus fertilizer (6TF), 
(iii) 6% Zakus bonemeal biochar plus fertilizer (6ZB), and (iv) 6% Zakus wood biochar plus 
fertilizer (6ZW) (Table 4.3).  Following amendment and fertilizer additions, each soil treatment 
was divided into 60 mL glass amber vials containing approximately 45 g of soil and plugged 
with cotton balls.  The vials were incubated at -5 °C and destructively sampled mid-vial at 0, 30, 
60, and 90 days. 
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Table 4.3.  Treatments applied in the Pilot Study. 
Treatment Description 
F Fertilizer 
6TF 6% Titan fishmeal biochar plus fertilizer 
6ZB 6% Zakus bonemeal biochar plus fertilizer 
6ZW 6% Zakus wood biochar plus fertilizer 
4.4.3 Petroleum hydrocarbon analysis 
Mechanical shaking (Schwab et al., 1999) and hexane extraction (Mcintyre et al., 2007) 
methods were used to extract F2 and F3-PHCs from soil samples collected at Whitehorse and 
Iqaluit, respectively.  The different extraction methods used reflect the laboratory capabilities at 
laboratories in Whitehorse, YT and Saskatoon, SK.  Analytical and quality control procedures 
followed for each extraction method are described in Appendix B (Table B.4).  Although both 
extraction methods yield similar F2 and F3-PHC extraction efficiencies, relative 
between-treatment differences are the primary focus for comparison.  Petroleum hydrocarbons 
were quantified using a Varian CP3800 gas chromatograph fitted with a flame ionization 
detector and chromatograms were analyzed using CompassCDS software (Agilent Technologies, 
Santa Clara, CA). Decane (C10H22; C10), hexadecane (C16H34; C16) and 
tetratriacontane (C34H70; C34) standards were used to create a curve to generate the area and 
concentration of F2 and F3-PHCs for each sample.  Two linear alkanes, heptadecane (C17H36; 
C17) and octadecane (C18H38; C18), and two branched/cyclic alkanes, 
2,6,10,14-tetramethylpentadecane (C19H40; pristine, Pr) and 2,6,10,14-tetramethylhexadecane 
(C20H42; phytane, Ph), were integrated from the chromatograms of soil samples in CompassCDS 
to determine the extent of biodegradation.  The mass ratio for C17/Pr and C18/Ph was generated 
by dividing the area of the linear alkane by the area of the branched alkane.  Pristine and phytane 
have similar boiling points to C17 and C18, respectively, but the branched nature of the pristine 
and phytane compounds makes them resistant to degradation (Atlas, 1995). 
4.4.4 Nutrient analysis 
Bioavailable nitrate (NO3--N), ammonium (NH4+-N), and phosphate (PO43--P) were 
quantified from soil samples collected at the final sampling period using anion and cation 
exchange resins (Western Ag Solutions, Saskatoon, SK).  Nutrient supply rates were measured 
using the “sandwich test”, a method by which an ion-exchange resin is sandwiched between soil 
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and exchanges counter ions for nutrient ions contained within the soil (Qian et al., 2007).  NSR is 
calculated as 
	    =  	 	 
 
/ 
where C is the concentration of the adsorbed cation or anion (µg mL-1) in HCl eluent, V is the 
volume of eluent (mL), S is the surface area of the membrane strip (cm2), and t is the incubation 
period (d).  Anion and cation exchange resins were regenerated by soaking in 0.5 M NaHCO3, 
sandwiched between two Snapcap® 4 Dram vial lids packed with soil, and wrapped in Parafilm®.  
Following incubation at 4 °C for 2 weeks, resins were rinsed with deionized water and eluted in 
0.5 M HCl.  All nutrients were quantified colorimetrically using a Technicon™
AutoAnalyzer™ II (SEAL Analytical, Mequon, WI). 
4.4.5 Functional gene analysis 
Microbial DNA was extracted from approximately 0.25 g of soil from initial and final 
sampling periods using a Powerlyzer™ Powersoil® DNA Isolation Kit (MO BIO Laboratories) 
then quantified with a Qubit® Fluorometer (Thermo Fisher Scientific).  Samples were analyzed 
for the presence of specific catabolic genes encoding enzymes involved in PHC degradation 
pathways: alkane monooxygenase (alkB), naphthalene dioxygenase (nahAc), and catechol 2,3 
dioxygenase (C2,3O).  Standards were prepared by extracting the DNA of American Type 
Culture Collection (ATCC) standard organisms, followed by polymerase chain reaction 
amplification with the corresponding primer set, and repeated gel purification.  Further 
information regarding ATCC standard organisms and quantitative polymerase chain 
reaction (qPCR) and amplification conditions are presented in Appendix B (Table B.5). 
4.4.6 Temperature and θliquid monitoring 
Temperature was monitored during Whitehorse field trials using a thermocouple 
temperature sensor for soil and Type K thermocouples (Campbell Scientific).  Volumetric water 
content was measured using time domain reflectometry, a technique that measures the dielectric 
constant of the medium.  Probes were inserted 30 cm into each bulk bag and θliquid was measured 
with a Tektronix 1502B cable tester (Tektronix) and quantified using Topp’s equation (Topp et 
al., 1980).  Environmental data was not collected in Iqaluit or when air temperatures were 
below -20 °C in Whitehorse. 
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4.4.7 Statistical analysis 
In the field trials (Biochar Application and Biochar Type trials) and Pilot Study, a one-way 
analysis of variance (ANOVA) was used to compare treatments analyzed for nutrient supply 
rates and θliquid.  A two-way ANOVA was used for PHC concentration and functional gene 
abundance to compare treatments over time.  Data was tested for assumptions of normality and 
homogeneity of variance using Shapiro-Wilk Test and Levene’s Test and transformed if 
necessary.  Multiple comparisons were made following a Tukey’s post hoc analysis (P < 0.05).  
All data was processed in RStudio Version 3.3.2 (R Core Team, 2017) and visualized in 
SigmaPlot Version 12. 
4.5 Results and Discussion 
4.5.1 Petroleum hydrocarbon degradation 
Across all biochar types and controls, incorporation caused a rapid (within 31 days) 
decrease in F2 and F3-PHC soil concentrations, whereas injection significantly decreased only at 
Day 334 (Figs. 4.3A-B, ANOVA, P < 0.05).  For example, in incorporated treatments, average 
F2-PHCs reduced from 345 mg kg-1 (SE = 40) to 111 mg kg-1 (SE = 15), while injected 
treatments decreased from 406 mg kg-1 (SE = 35) to only 357 mg kg-1 (SE = 34), between Days 0 
and 31.  Based on changes in isoprenoid ratios, it was determined that any reduction in F2 and/or 
F3-PHCs resulted from microbial catabolism rather than volatilization (ANOVA, P < 0.05, 
Appendix B, Fig. B.2).  Based on Canadian Council of Ministers of the Environment (CCME) 
F2-PHC clean-up criteria (150 mg kg-1, fine-grained soil, agricultural land use, Appendix B, 
Table B.6), contaminated soil amended with incorporated treatments were below criteria before 
the winter season, while those amended with injected treatments required the winter and spring 
season to reduce concentrations below guidelines.  Although initial F3-PHC concentrations, at 
approximately 50 mg kg-1, were below CCME clean-up criteria (300 mg kg-1, fine-grained soil, 
agricultural land use, Appendix B, Table B.6), incorporated treatments also decreased this 
low-level PHC contamination quicker than injected treatments. 
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Fig. 4.3.  In Iqaluit, F2 and F3-petroleum hydrocarbons (PHCs), in mg kg-1, were measured 
in two different biochar application methods, injected (INJECT) or 
incorporated (INCORP), over 365 days (A and B).  Concentrations of PHC were quantified 
by treatment, which included two biochars, 6% Titan fishmeal biochar plus fertilizer (TF) 
and 6% Zakus wood biochar plus fertilizer (ZW), and a fertilizer control (F) (C and D).  
Bars represent the mean (n = 6), with the error bars representing the standard error of the 
mean.  Different letters indicate significantly different PHC concentrations (ANOVA, 
P < 0.05).  The Whitehorse landfarm contained < 10 mg kg-1 of F2 and F3-PHCs during the 
field season, so PHC data were not available. 
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In the Biochar Application Trial, F2-PHC concentrations significantly decreased in soils 
amended with 6% Titan fishmeal biochar after 31 days, while 6% Zakus wood biochar and the 
fertilizer control decreased after 334 days (Fig 4.3C, ANOVA, P < 0.05).  However, at 31 days, 
there was no difference in F2-PHC concentrations between treatments or the fertilizer control, 
with fertilizer soils containing 217 mg kg-1 (SE = 42), 6% Titan fishmeal plus fertilizer soils 
containing 240 mg kg-1 (SE = 70), and 6% Zakus wood plus fertilizer soils containing 
246 mg kg-1 (SE = 28) (Table 4.4).  Similarly, there was no difference in F3-PHC concentration 
at 31 days, but the fertilizer control significantly decreased after 31 days, while fishmeal and 
wood biochar-amended soils were reduced after 334 days (Fig. 4.3D, ANOVA, P < 0.05).  
Petroleum hydrocarbon degradation was evident over time in the Biochar Type field trials, but 
biochar type differences were only detected in F2-PHCs (Table 4.5, Appendix B, Fig. B.3, 
ANOVA, P < 0.05).   In Whitehorse, F2-PHC concentrations were higher in soils amended with 
6% Zakus wood biochar, when compared to the fertilizer control (Appendix B, Fig. B.3, 
ANOVA, P < 0.05).  For example, average F2-PHC concentration over one year were 
317 mg kg-1 (SE = 54) in the fertilizer control and 466 mg kg-1 (SE = 60) in wood 
biochar-amended soils.  In Iqaluit, F2-PHC concentrations in biochar-amended soils were not 
different from the control soil. 
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Table 4.4.  Analysis of variance (ANOVA) results for the Biochar Application Trial in which different biochars were injected 
or incorporated into bulk bags containing landfarm soil at Iqaluit, NU and Whitehorse, YT.  Soil samples were analyzed for 
petroleum hydrocarbon (PHC) concentration, nutrient supply rates, functional gene abundance, and physical parameters. 
Factor 
PHC Nutrient Supply Rate Functional Gene  Physical Parameter 
†df F2 F3 df NO3--N NH4+-N PO43--P df alkB C2,3O nahAc df θliquid Temp 
----‡F-value---- ----------§F-value---------- -----------F-value---------- ----‡F-value----
Iqaluit 
¶AM 1 49.4 6.52 1 211 0.62 13.0  1 0.09 11.9 15.1 - 
#TR 2 1.42 0.81 2 49.7 4.05 12.9  2 0.98 3.45 1.33  - 
Time 3 293 70.3 -  1 11.9 1.09 0.00  - 
AM*TR 2 0.92 1.33 2 8.04 3.70 3.31  2 2.99 0.99 0.94  - 
AM*Time 3 7.33 8.44 -  1 0.10 5.53 0.00  - 
TR*Time 6 2.25 4.00 -  2 1.02 4.59 0.23  - 
AM*TR*Time 6 1.41 2.05 -  2 0.07 1.07 1.55  - 
Whitehorse
AM - 1 88.2 0.96 0.43  1 5.24 3.44 11.3  1 27.5 25.4 
TR - 3 5.75 0.06 7.72  3 5.33 0.13 2.01  3 30.5 1.95 
Time - -  1 50.6 228 66.0  24 73.3 1070 
AM*TR - 3 36.1 1.51 5.56  3 0.05 2.96 1.04  3 29.3 0.79 
AM*Time - -  1 4.26 10.3 16.5  24 0.71 5.64 
TR*Time - -  3 1.13 0.18 0.41  72 0.68 1.38 
AM*TR*Time - -  3 2.26 1.09 6.88  72 0.66 1.51 
†df = degrees of freedom 
‡F-values are not available for PHCs in Whitehorse or Physical Parameters in Iqaluit because these properties were not measured. 
§F-values are not available for the factor Time, as nutrient supply rates were only measured at one time point. 
¶AM = Application method 
#TR = Treatment (fertilizer control and biochar types) 
Underlined values indicate significance at P ≤ 0.05.
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Table 4.5.  Analysis of variance (ANOVA) results for the Biochar Type Trial in which biochars were mixed into landfarm soil 
and incubated in 1 m3 soil bags in Iqaluit, NU and Whitehorse, YT.  Soil samples were analyzed for petroleum 
hydrocarbon (PHC) concentration, nutrient supply rates, functional gene abundance, and physical parameters. 
Factor 
PHC Nutrient Supply Rate Functional Gene  Physical Parameter 
†df F2 F3 df NO3--N NH4+-N PO43--P df alkB C2,3O nahAc df θliquid Temp 
----‡F-value---- ----------§F-value---------- -----------F-value---------- -----‡F-value----
Iqaluit 
¶TR 4 2.83 0.44 4 1.86 2.14 1.96  4 6.06 4.39 5.50 - 
Time 4 210 121 -  1 23.5 0.04 0.04 - 
TR*Time 16 1.15 5.09 -  4 9.08 5.13 4.95 - 
Whitehorse
TR† 4 8.77 - 4 7.05 1.01 0.28  4 1.05 3.29 8.83 4 6.88 29.2 
Time 5 120 - -  1 46.6 8.39 0.94 20 22.2 4630 
TR*Time 20 1.65 - -  4 2.17 2.83 0.38 80 0.56 1.97 
†df = degrees of freedom 
‡F-values are not available for F3-PHCs in Whitehorse or Physical Parameters in Iqaluit. 
§F-values are not available for the factor Time, as nutrient supply rates were only measured at one time point. 
¶TR = Treatment (fertilizer control and biochar types) 
Underlined values indicate significance at P ≤ 0.05.
65 
When PHC contaminated soils were incubated at -5 °C in the laboratory Pilot Study, all 
biochar types had significantly less average F2-PHCs than the fertilizer control, but there were 
no differences between biochars (Appendix B, Fig. B.4, ANOVA, P < 0.05).  While all biochar 
types had significantly less average F3-PHCs than the fertilizer control (Appendix B, Fig. B.4), 
only 6% Zakus bonemeal biochar plus fertilizer decreased F3-PHCs from 226 mg kg-1 (SE = 33) 
to 61 mg kg-1 (SE = 7) after 90 days (Fig. 4.4, ANOVA, P < 0.05).  Supporting these results, a 
preliminary laboratory study found that F3, but not F2, -PHCs significantly decreased in soil 
amended with ca. 20% (v/v) bonemeal biochar, although a different bonemeal feedstock and 
application rate was used (Karppinen et al., 2017b).  Biochar is most effective under limiting 
conditions (Lehmann, 2007), and it appears that certain biochars can selectively influence both 
F2 and F3-PHC degradation in frozen, laboratory incubated soils, but only F2-PHCs were 
affected in field trials, where results were variable between locations and experimental trials.  
Other studies have also demonstrated that positive short-term responses to biochar 
amendments (i.e., soil microbial activity) observed in the laboratory were not reflected in field 
studies as small, transient changes resulting from biochar additions are likely masked in 
inherently heterogeneous and environmentally variable field studies (Jones et al., 2012).  
Incorporation was the most successful application method for these northern soils, and while 
biochar amendments are not clearly effective in reducing PHC concentrations, there is evidence 
to suggest it can beneficially influence soil properties and microbial genes under specific 
environmental conditions. 
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Fig. 4.4.  In the laboratory study, F3-PHC concentrations, in mg kg-1, were quantified in 
frozen soils on Days 0 and 90.  Treatments included fertilizer (F), 6% Titan fishmeal 
biochar plus fertilizer (6TF), 6% Zakus bonemeal biochar plus fertilizer (6ZB), and 
6% Zakus wood biochar plus fertilizer (6ZW).  Bars represent the mean (n = 5), with error 
bars representing the standard error of the mean.  Different letters indicate significantly 
different F3-PHC concentrations (ANOVA, P < 0.05). 
67 
4.5.2 Nutrient availability 
Incorporating biochar and fertilizers increased NO3--N availability in both locations, 
whereas injection of biochars and fertilizers was less consistent; only increasing NH4+-N 
availability in Whitehorse and PO43--P availability in Iqaluit (Fig. 4.5, ANOVA, P < 0.05).  For 
example, NO3--N availability was 3.95 µg cm-2 d-1 (SE = 0.26) when incorporated, which was 
significantly higher than when injected (2.26 µg cm-2 d-1 [SE = 0.23]).  During injection, soil 
disturbance is minimal and the process relies on the diffusion of amendments, resulting in 
conditions which do not stimulate the conversion of NH4+ to NO3- (i.e. nitrification).  On the 
other hand, incorporation involves the mixing and homogenization of soil and amendments, 
which could aerate the soil while retaining sufficient soil moisture and facilitate conditions 
which increase NO3--N availability.  Although NH4+-N and PO43--P availabilities were higher in 
injected treatments, there was no consistency between locations.  This could result from local 
differences in soil properties between Iqaluit and Whitehorse, such as θliquid and the initial 
amount of PHC contamination (Appendix B, Table B.2), both of which can affect NH4+ (Harvey 
et al., 2012) and PO43- (Mouat and Nes, 1985) availabilities. 
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Fig. 4.5.  Nitrate (NO3--N), ammonium (NH4+-N), and phosphate (PO43--P) availability, in 
log10(µg cm-2 d-1), was measured in injected (INJECT) and incorporated (INCORP) 
treatments in Iqaluit and Whitehorse.  Samples were collected on Day 365.  Bars represent 
the mean (n = 6), with the error bars representing the standard error of the mean.  
Different letters indicate significantly different nutrient availability between application 
methods (ANOVA, P < 0.05). 
IQALUIT
lo
g 1
0(
µ
g 
cm
-2
d-
1 )
0.01
0.1
1
10 INJECT
INCORP
Nutrient 
lo
g 1
0(
µ
g 
cm
-2
d-
1 )
0.001
0.01
0.1
1
10
NO3
--N NH4
+-N PO4
3--P
WHITEHORSE
a
b
c c
d
e
a
b
d
e
e
c
69 
Overall, NO3--N availability was higher in biochar-amended soils than those amended with 
fertilizer only, but biochar type (i.e., wood, fishmeal, bonemeal) was not a significant 
factor (Figs. 4.6A and D, Appendix B, Fig. B.5, ANOVA, P < 0.05).  In a few cases, all biochar 
feedstocks increased NO3--N availability, with the exception of 6% Titan fishmeal plus fertilizer.  
For example, in the Biochar Type Trial in Whitehorse, the fertilizer control supplied 
1.43 µg NO3--N cm-2 d-1 (SE = 0.40) and 6% Titan fishmeal biochar plus fertilizer supplied 
2.35 µg NO3--N cm-2 d-1 (SE = 0.56), which were significantly lower than 6% Zakus wood 
biochar plus fertilizer, which supplied 3.79 µg NO3--N cm-2 d-1 (SE = 0.16) (Fig. 4.6D).  Studies 
show that biochar amendments have a stronger positive effect in soils where little to no net 
nitrification occurs, compared to soils which already exhibit high rates of net nitrification, where 
the effects of biochar are minimal or absent (Ducey et al., 2013).  In these studies, 
coarse-textured, northern soils could be affected by biochar additions, due to inherently low net 
nitrification which increases in response to changes in the soil microbial community or θliquid 
dynamics. 
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Fig. 4.6.  Nitrate (NO3--N), ammonium (NH4+-N), and phosphate (PO43--P) availability, in 
µg cm-2 d-1, was measured in the Biochar Application Trial in Iqaluit (Graphs A-C), while 
NO3--N availability, in µg cm-2 d-1, was measured in the Biochar Type Trial in 
Whitehorse (Graph D).  Treatments included fertilizer (F), 3% Titan fishmeal biochar plus 
fertilizer (3TF), 6% Titan fishmeal biochar plus fertilizer (6TF), 6% Titan fishmeal 
bonemeal biochar plus 5% compost plus fertilizer (6TFC), 6% Zakus bonemeal biochar 
plus fertilizer (6ZB), and 6% Zakus wood biochar plus fertilizer (6ZW).  Bars represent 
the mean with error bars representing the standard error of the mean.  Different letters 
indicate significantly different nutrient availability between treatments (ANOVA, P < 0.05). 
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Biochar, regardless of feedstock, increased NH4+-N and PO43--P availability in PHC 
contaminated soil in Iqaluit.  Biochars derived from wood or fishmeal had significantly higher 
NH4+-N and PO43--P availability than the fertilizer control in Iqaluit (Figs. 4.6B and C, ANOVA, 
P < 0.05), while only biochar derived from bonemeal increased PO43--P availability in 
Whitehorse (Appendix B, Fig. B.5, ANOVA, P < 0.05).  More than likely, environmental 
conditions were too variable to identify similar comparisons between sites, or multiple 
mechanisms driving NH4+ and PO43- availability were active.  Although significant in a few 
cases, the effect of biochar on nutrient availabilities remains variable and inconclusive when both 
field trials are considered although NO3--N availability usually increased in biochar-amended 
soils when compared to the fertilizer control.  Available NO3- is essential for microbial 
catabolism of PHCs in soils; therefore, biochar applications which increase NO3--N availability 
may also stimulate PHC degradation. 
4.5.3 Functional gene abundance 
In Iqaluit, where the soil was polluted with hydrocarbons, aromatic functional gene 
abundance (C2,3O and nahAc) was higher in incorporated treatments (Appendix B, Fig. B.6, 
ANOVA, P < 0.05), and C2,3O gene abundance decreased over time in injected treatments while 
there was no temporal change when biochars and the control were incorporated (Fig. 4.7B, 
ANOVA, P < 0.05).  At Whitehorse, all functional genes were more abundant in injected 
treatments and increased over time in both application methods, but to a greater degree in 
injected treatments (Figs. 4.7D-F, ANOVA, P < 0.05).  Increased C2,3O and nahAc gene 
abundance has been correlated with increased polycyclic aromatic hydrocarbon (PAH) 
mineralization (Phillips et al., 2008), which supports the finding that incorporated treatments 
increased F2 and F3-PHC degradation in Iqaluit.  Population shifts can occur in response to 
changes in the chemical composition of PHCs; low molecular weight, aliphatic hydrocarbons 
generally disappear from PHC compounds first and selective pressure is exerted by the 
remaining aromatic PHC compounds (Sotsky et al., 1994; Liu et al., 2017).  Once low molecular 
weight aliphatics are degraded their effect on the microbial community is limited, which could 
explain why application type did not influence alkB functional gene abundance in Iqaluit.  Since 
the Whitehorse site was only residually contaminated, it is not surprising that microbial 
community dynamics differ from those at Iqaluit. 
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Fig. 4.7.  Aliphatic (alkane monooxygenase; alkB) and aromatic (catechol 2,3 
dioxygenase; C2,3O and naphthalene dioxygenase; nahAc) functional gene abundance, in 
log10(copies g-1), was measured in injected (INJECT) and incorporated (INCORP) 
treatments at initial and final sampling periods in Iqaluit and Whitehorse.  Bars represent 
the mean (n = 6) with the error bars representing the standard error of the mean.  
Different letters indicate significantly different gene abundance (ANOVA, P < 0.05). 
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In the Biochar Type Trial, aromatic functional gene abundance decreased in response to 
Zakus wood biochar additions (Fig. 4.8, ANOVA, P < 0.05).  In the Biochar Application Trial, 
alkB and C2,3O gene abundance was affected by treatment, but Zakus wood biochar was equal 
to or greater than the fertilizer control (Appendix B, Fig. B.7, ANOVA, P < 0.05).  While 
biochar additions did not influence PHC degradation more than the fertilizer control in the field, 
it appears that wood biochar had an inhibitory effect on functional gene abundance, at least 
during one year of field trials.  Others found that rice hull biochar stimulated PAH-degradation 
by increasing gene copy numbers associated with PAH degradation and by changing the 
structure of the microbial community (Liu et al., 2014).  However, Cao et al. (2016) found that 
wheat straw biochar inhibited the removal of phenanthrene due to adsorption and immobilization 
by the biochar, and decreased dehydrogenase activity in soil enzyme assays.  While wood 
biochar appeared to inhibit genes encoding for aliphatic and aromatic degradation pathways, 
there was no indication that PHC degradation was affected, thus it is unclear if processes such as 
immobilization or sorption were driving microbial shifts.  Compared to the other biochars used, 
Zakus wood biochar had a much smaller average pore size and volume, and lower 
CEC (Appendix B, Table B.3).  It has been suggested that most bacterial and fungal hyphae 
cannot penetrate pores < 1000 nm in size (Quilliam et al., 2013a), and the wood biochar would 
contain a greater proportion of narrower pores which could reduce the abundance of microbial 
colonization. 
74 
Fig. 4.8.  Aliphatic (alkane monooxygenase; alkB) and aromatic (catechol 2,3 
dioxygenase; C2,3O and naphthalene dioxygenase; nahAc), in log10(copies g-1), in the 
Biochar Type Trial in Iqaluit (Graphs A-C) and Whitehorse (Graphs D-F).  Treatments 
included fertilizer (F), 3% Titan fishmeal biochar plus fertilizer (3TF), 6% Titan fishmeal 
biochar plus fertilizer (6TF), 6% Titan bonemeal biochar plus 5% compost plus 
fertilizer (6TFC), and 6% Zakus wood biochar plus fertilizer (6ZW).  Bars represent the 
mean, with error bars representing the standard error of the mean.  Different letters 
indicate significantly different functional gene abundance between treatments (ANOVA, 
P < 0.05). 
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4.5.4 Temperature and θliquid
In Whitehorse, average θliquid was higher in incorporated treatments but average soil 
temperature was higher injected treatments (ANOVA, P < 0.05).  Average θliquid was 10.8% 
(SE = 0.21) and 9.8% (SE=0.22), while average temperature was 7.4 °C (SE = 0.22) and 7.7 °C 
(SE = 0.22), in incorporated and injected treatments, respectively.  Incorporated treatments were 
homogenously mixed throughout the soil so an increase in θliquid, driven by biochar additions, 
was expected.  However, within incorporated treatments, average θliquid was only higher in 
6% Titan fishmeal biochar plus fertilizer when compared to other biochar types and the control 
but when injected, biochar type did not increase θliquid when compared to the fertilizer 
control (Appendix B, Table B.7, ANOVA, P < 0.05).  Fishmeal-derived biochar increased the 
soils WHC and volumetric water content in treatments when incorporated, which suggests that 
this particular biochar has properties which positively impact soil water dynamics, and optimizes 
soil-biochar contact due to the contribution of intraparticle porosity within biochar particles in 
addition to interparticle porosity between biochar and soil particles (Masiello et al., 2015). 
Biochar type only influenced θliquid in the Biochar Application Trial but affected both θliquid
and soil temperature in the Biochar Type Trial (Tables 4.1 and 4.2).  Across both trials, soil 
temperature and θliquid was highest in 6% Titan fishmeal plus fertilizer, when compared to the 
fertilizer control and other biochar types (i.e. 6% Zakus wood biochar plus fertilizer) 
(Appendix B, Fig. B.8, ANOVA, P < 0.05).  Conflicting results have been reported in other field 
studies; biochar applied at 3-6% (w/w) increased water holding capacity of a sandy soil by up to 
30% (Basso et al., 2013), while others showed no effect on water holding capacity for some 
soil-biochar mixtures (Kinney et al., 2012).  At 6% (v/v), the application rates used in this study 
convert to < 0.5% (w/w), which is similar to other application rates that have increased soil water 
holding capacity in cool and temperate continental climates (Karhu et al., 2011; Streubel et al., 
2011; Briggs et al., 2012). 
4.6 Conclusions 
When applying amendments to both northern landfarm sites, incorporation was the ideal 
method of application.  Petroleum hydrocarbon degradation was linked to increases in multiple 
factors related to PHC degradation; aromatic PHC-degrading functional gene abundance, 
NO3- availability, and θliquid.  Although injection resulted in a similar decrease in F2 and 
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F3-PHCs after one field season, degradation proceeded much slower, and other soil 
properties (catabolic functional gene abundance, θliquid, nutrient availability) were not clearly 
enhanced.  Although biochar did not clearly increase PHC degradation relative to the fertilizer 
control, there was a small effect on F2-PHCs over time under field conditions.  Available 
NO3- appeared to increase in soils amended with biochar, regardless of application method, but 
changes in NH4+ and PO43- availability were less consistent.  Functional gene abundance 
responded differently at each site, with treatment differences occurring, but inconsistently.  Over 
both field seasons, θliquid was increased in 6% Titan fishmeal biochar plus fertilizer, but these 
measurements could only be taken in one location.  With future investigation of the effects of 
biochar on PHC degradation across a range of northern field sites, the aim should be the 
identification of trends which could indicate which biochars might be more successful in soils 
with specific properties. 
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5. THE CHAROSPHERE PROMOTES MINERALIZATION OF 13C-PHENANTHRENE BY 
PSYCHROTROPHIC MICROORGANISMS IN FROZEN, PETROLEUM HYDROCARBON 
CONTAMINATED SOIL3
5.1 Preface 
The previous studies demonstrated that biochar can have positive effects on the soil 
microbial community, physical and chemical soil properties, and PHC degradation, but did not 
provide insight into the mechanisms driving these responses in biochar-amended soils.  Other 
researchers identified a spatial effect, which indicated that soil immediately surrounding biochar 
particles, termed the ‘charosphere’, may be directly influenced by the physical and chemical 
properties of biochar, more so than bulk soil that is not in direct contact.  Spatial niches, such as 
bulk soil, charosphere soil, and biochar particles, may control aspects of PHC degradation in 
frozen soils.  This laboratory study was carried out using PHC contaminated soil from Greenland 
in which spatial sampling locations were created with mesh bags containing different biochars.  
The overall objective of this study was to determine if 13C-phenanthrene mineralization and other 
soil properties are spatially distributed in frozen, biochar-amended soils. 
3 This chapter was submitted, with minor formatting differences, as Karppinen, E.M., S.D. Mamet, K.J. Stewart, and 
S.D. Siciliano. 2017. The charosphere promotes mineralization of 13C-phenanthrene by psychrotrophic 
microorganisms in frozen, petroleum hydrocarbon contaminated soil. Soil Boil. Biochem.  Dr. Siciliano contributed 
funding for the purchase of supplies and critical equipment, helped with experimental design, assisted with technical 
content and interpretation, and provided editorial input.  Dr. Stewart assisted with technical content and experiment 
design, and provided editorial input.  I completed experimental setup and design, conducted laboratory analyses, 
developed the initial manuscript draft, prepared the figures and tables, and completed data analysis and 
interpretation. 
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5.2 Abstract 
Understanding the chemical and biological mechanisms by which biochar influences 
petroleum hydrocarbon (PHC) remediation in northern environments is critical before 
implementing large-scale commercial applications.  To investigate microbial biodegradation 
activity under frozen conditions, spatial sampling locations were created with 60 µm mesh bags 
containing 6% (v/v) biochar made from either fishmeal, bonemeal, bone chip, or wood placed 
into jars.  This experimental design created three soil niches: biochar particles, the 
charosphere (soil immediately surrounding biochar particles), and bulk soil located outside of the 
bags.  After 90 days, 13C-phenanthrene mineralization in charosphere soil reached 55% (SE = 16) 
in bonemeal biochar and 84% (SE = 8.2) in bone chip biochar treatments, compared to only 43% 
(SE = 4.8) in bulk soil and 13% (SE = 11) in bone chip particles.  The pH of bone chip and 
bonemeal biochars remained near neutral, unlike wood biochar, which increased alkalinity and 
likely made phosphate unavailable for microorganisms.  Charosphere soil had higher 
polyaromatic degradative gene abundances compared to bulk soil but gene abundance was not 
directly linked to 13C-phenanthrene mineralization.  In bone chip biochar-amended soils, 
phosphate successfully predicted microbial community composition.  The relative abundances of 
Bosea and the psychrotrophic, hydrocarbon degrading Caulobacter increased in charosphere soil.  
The charosphere of bone-derived biochars enhances hydrocarbon degradation by maintaining 
phosphate solubility and promoting key psychrotrophic hydrocarbon degrading bacteria. 
5.3 Introduction 
Bioremediation is a viable option for managing petroleum hydrocarbon (PHC) 
contaminated sites across Canada, but the process is often slower and less successful in northern 
regions (Mohn and Stewart, 2000; Paudyn et al., 2008).  Environmental and logistical challenges 
that can delay remediation include; relatively long winter and short summer seasons, 
predominantly sandy soils with low moisture and nutrient retention, and substantial costs 
associated with shipping fertilizer and fuel.  In landfarms, where contaminated soil is spread in 
thin layers or windrows, fertilizer is added to stimulate microbial degradation and the soil is 
aerated with periodic tillage or turning.  The application of compost, and to a lesser extent, 
biochar, has been evaluated for the potential to further stimulate PHC degradation rates under 
thawed conditions (Marchand et al., 2016; Yuan et al., 2009).  In a previous study, Karppinen et 
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al. (2017b) found evidence to suggest that PHC degradation in biochar-amended soils was active 
and even enhanced under frozen, but not thawed, conditions. 
Biochar has been rigorously studied as an agricultural soil amendment, due to its reported 
ability to increase nutrient retention and water holding capacity (Lehmann et al., 2003; Basso et 
al., 2013; Karer et al., 2013), alter the soils cation exchange capacity, aeration, and 
hydrology (Atkinson et al., 2010; Cornelissen et al., 2013), and stimulate microbial 
activity (Lehmann et al., 2011; Zhang et al., 2014b).  Soil amendments, such as biochars 
produced from local feedstocks, increase PHC degradation in northern soils (Karppinen et al., 
2017a).  Although biochar studies can yield positive results, biochar applications can be 
inconsistent and vary depending on site-specific environmental and soil conditions, as well as on 
biochar production conditions, such as pyrolysis temperature and feedstock material (Amonette 
and Joseph, 2009; McLaughlin et al., 2009).  A critical knowledge gap exists, for both temperate 
and northern regions, in understanding the mechanisms by which biochar might stimulate the 
microbial community to degrade PHCs, and how this may be related to changes in physical, 
chemical, and biological soil properties (Verheijen et al., 2009; Thies et al., 2015). 
Researchers have speculated that microbes colonize the external and internal pore spaces 
of biochar because they provide microorganisms with protection from predation and desiccation, 
while supplying adsorbed water and nutrients (Thies and Rillig, 2009).  However, studies show 
that microbial colonization of biochar surfaces can be difficult as pores < 1 µm are too small for 
microbial habitation, and organic materials (i.e., soil particles, oils, and waxes) can obstruct 
pores and deter colonization (Quilliam et al., 2013b; Thies et al., 2015).  Biochars also, differ in 
pH, CEC, surface area, pore size distribution, and ash content (Singh et al., 2010; Cantrell et al., 
2012), which can affect the suitability of biochar as a microhabitat for soil 
microorganisms (Lehmann et al., 2011) and influence physical and chemical soil 
properties (Chan et al., 2007; Atkinson et al., 2010).  Therefore, a successful remediation 
approach must match biochar properties with microbial degrader niche requirements. 
Biochars are often homogenized into soil in the laboratory or field, and only the net effect 
on the soil as a whole is considered.  Soil immediately surrounding biochar particles, termed the 
‘charosphere’, may be directly influenced by the physical and chemical properties of biochar, to 
a greater extent than bulk soil which is not in direct contact (Quilliam et al., 2013a).  For 
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example, mineralization of labelled substrates has been used as a measure of degradative 
potential in many studies with biochar-amended soils (Ogbonnaya et al., 2014; Rhodes et al., 
2010; Shan et al., 2015), and spatial differences were observed when comparing 14C-labelled 
glucose mineralization between niches (Quilliam et al., 2013a).  These spatial niches may 
become important when considering aspects of field application, such as feedstock, final particle 
size, and application rate.  The intent would be to optimize the influence of a specific niche, 
whether it is the bulk soil, charosphere, or biochar particles, based on the desired benefits to 
agricultural or environmental application. 
The objective of this study was to determine if there is a spatial relationship between 
biochar particles and the surrounding soil, and if so, the influence on 13C-phenanthrene 
mineralization and other soil properties.  I hypothesize that biochar-induced changes in 
mineralization and soil properties occur predominantly in soils in direct contact with biochar 
particles but is dependent on biochar type.  Four different biochar types with differing properties 
were selected, based on feedstocks that could be practically generated in northern environments.  
It is expected that these analyses will contribute to the knowledge base of how biochar influences 
PHC degradation in frozen soils and provide insight into the mechanisms driving the response of 
soil microorganisms in biochar-amended soils. 
5.4 Materials and Methods 
5.4.1 Soil and treatment characterization 
The soil used in this study was a mixture of weathered PHC contaminated material from 
Mestersvig, Greenland, which contained approximately 1,400 mg kg-1 F2 (equivalent 
nC10-C16) -PHCs and 600 mg kg-1 F3 (equivalent nC16-C34) -PHCs.  The sandy soil (88% sand) 
had a near-neutral pH (7.5), was deficient in major nutrients (i.e., NH4+-N [7.64 µg g-1], 
NO3--N [3.95 µg g-1] and PO43--P [0.00 µg g-1]) and had low organic carbon (0.56%) and 
gravimetric moisture (4.79%) content.  Treatments (various biochars) were characterized for pH, 
pyrolysis temperature, bulk density, Brunauer-Emmet-Teller (BET) surface area, pore volume, 
pore size, cation exchange capacity (CEC), volatile matter, and ash content (Table 5.1). 
81 
Table 5.1.  Characterization of biochar treatments for pH, pyrolysis 
temperature, bulk density, Brunauer-Emmet-Teller (BET) surface area, pore 
volume, average pore size, cation exchange capacity, volatile matter, and ash 
content. 
Property 
Biochar 
Bonemeal Bone Chip Fishmeal Wood 
pH 9.6 8.5 9.0 8.9 
Pyrolysis temperature (°C) 450 450 500 450 
Bulk density (Mg m-3) 0.72 0.72 0.50 0.11 
BET† surface area (m2 g-1) 71 150 7.1 78 
Average pore volume (cm3 g-1) 0.22 0.38 0.03 0.01 
Average pore size (nm) 11 9.8 13 2.2 
CEC‡ (cmolc kg-1) 39 57 54 7 
Moisture (%) 7 1 28 14 
Volatile Matter (%) 14 15 40 32 
Ash (%) 79 84 32 54 
†BET = Brunauer-Emmet-Teller 
‡CEC = cation exchange capacity
5.4.2 Experimental setup 
In this laboratory study, contaminated soil was dried, brought to 10% gravimetric water 
content, and packed to the same bulk density into 250 mL amber glass jars.  A 60 µm mesh 
nitex (nylon) bag (Dynamic Aqua-Supply, BC, CAN), which allows microbes to pass freely 
through the bag, was filled with either fishmeal, bonemeal, bone chip, or wood biochar and 
buried in the soil in order to create spatial sampling locations.  An empty nitex bag was used in 
the control to establish any interactions between the soil and bags. The jars were sealed with 
Parafilm and left to incubate at room temperature for 3 weeks to establish microbial colonization, 
after which, the jars were incubated at -5 °C for 90 days to assess microbial activity under frozen 
conditions.  Following incubation, each jar was sampled from three different locations; i) bulk 
soil, ii) charosphere, and iii) biochar particles.  Bulk soil was sampled from soil approximately 
1 cm from the nitex bag, the charosphere was sampled from soil contacting the nitex bag, while 
biochar particles were sampled directly from the nitex bag.  The charosphere, defined as soil 
within 5 mm of the biochar particles, consisted of 20 g of soil. Biochar applied at 6% (v/v) was 
equal to 1.7 g to 11 g, depending on individual biochar densities. 
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5.4.3 Soil treatments 
The four biochars used in this experiment were: fishmeal, bonemeal, bone chip and wood; 
and have been used in previous laboratory and field studies at a rate of 6% (v/v) in PHC 
contaminated soil (Karppinen et al., 2017a; b).  An empty nitex bag was used in the control to 
establish any interactions between the bags and soil. 
5.4.4 13C-phenanthrene mineralization assays 
13C-labelled phenanthrene (Sigma-Aldrich Corporation, MO, USA; 33% atom C2C12H10) 
stock solution was spiked (0.1 mL at 1.5 g L-1 in toluene) into 0.25 g sterile sand in a 12 mL 
glass vial, evaporated in a fume hood, and mixed with 0.25 g of experimental soils.  The process 
was repeated with unlabelled phenanthrene (Sigma-Aldrich Corporation, MO, USA; C14H10) 
stock solution.  Following 14 days incubation at room temperature, CO2 was analyzed on a 
Bruker 450 Gas Chromatograph (Bruker Corporation, MA, USA) and the delta 13C (δ13C) was 
measured on a Picarro G2201-i CO2 Analyzer (Picarro Inc., CA, USA).  By subtracting 13CO2
production in unlabelled phenanthrene from 13CO2 production in 13C-labelled phenanthrene, 
substance mineralization was determined (Siciliano et al., 2016). 
5.4.5 Petroleum hydrocarbon analysis 
Both F2 and F3-PHCs were extracted using a hexane-acetone extraction method, where 
2.5 g soil plus 30 mL hexane and acetone (1:1) were combined with sodium sulphate and shaken 
overnight, centrifuged to remove the supernatant and evaporated to approximately 2 mL with 
nitrogen gas (Schwab et al., 1999).  Quality control measures included duplicates, which were 
within 10-20 relative percent difference of the original sample, method blanks, spike 
recoveries (average F2 and F3-PHC spike recoveries were 82% and 87%, respectively), and 
calibration to a standard curve (R2 > 0.99).  The F2 and F3-PHC concentrations were quantified 
using a Varian CP3800 gas chromatograph fitted with a flame ionization detector (GC-FID) and 
chromatograms were analyzed using CompassCDS software (Varian, CA, USA). 
5.4.6 Chemical properties 
pH was determined from a soil/biochar and 0.01 M CaCl2 solution (2:1 w/v) using a pH 
meter (Mettler-Toledo, OH, USA).  Both NH4+-N and NO3--N were extracted from 1 g moist 
soil/biochar with 10 mL of 2 M KCl (149 g L-1 potassium chloride), shaken for 30 mins at 
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160 strokes min-1, and filtered through Whatman No. 42 filter paper.  Phosphate (PO43--P) was 
extracted from 1 g moist soil or biochar with 10 mL of Kelowna solution (14 mL L-1 acetic acid; 
19.25 g L-1 ammonium acetate; 0.56 g L-1 ammonium fluoride), shaken for 5 mins at 
142 strokes min-1, and filtered through ashless Whatman No. 40 filter paper.  Nutrient 
concentrations were quantified using a Technicon™ AutoAnalyzer™ III (SEAL Analytical, WI, 
USA). 
5.4.7 Soil microbial community analysis 
5.4.7.1 Functional gene abundance 
In this study, DNA was extracted using the Powerlyzer™ Powersoil® DNA Isolation 
Kit (MO BIO Laboratories, CA, USA) to lyse cells and remove humic substances and other PCR 
inhibitors.  DNA yield was quantified using a Qubit® Fluorometer (Thermo Fisher Scientific, 
ON, CAN).  Extracted DNA was analyzed for the presence of two catabolic genes, naphthalene 
dioxygenase (nahAc) (Whyte et al., 1997; Luz et al., 2004) and catechol 2,3 
dioxygenase (C2,3O) (Baldwin et al., 2003), which encode enzymes involved in PHC 
degradation pathways.  Standards were prepared by extracting the DNA of American Type 
Culture Collection (ATCC) standard organisms (ATCC 29347 for C2,3O and ATCC 17484 for 
nahAc), followed by polymerase chain reaction amplification with the corresponding primer set 
and repeated gel purification.  Extracted DNA was also analyzed for the presence of RNA 
polymerase beta subunit (rpoB), which exists as a single copy in most bacteria (Dahllof et al., 
2000).  For rpoB, clone libraries were created with E. coli cells using the TOPO TA Cloning 
Kit (Invitrogen, CA, USA), followed by DNA extraction from clones.  For qPCR gene 
amplification, 4 µL of template DNA was added to a 15 µL final volume mixture containing 
QuantiTect SYBR® Green RT-PCR Kit (Qiagen, CA, USA) and 1.0 µM each of forward and 
reverse primers. After 10 minutes initial denaturing at 94 °C, amplification proceeded with 
40 cycles of 1 minute denaturing at 94 °C, 30 seconds annealing at the appropriate temperature, 
1 minute extension at 72 °C, followed by a melt curve analysis for 15 seconds at 95 °C, 1 minute 
at 60 °C and 15 seconds at 95 °C (Table 5.2).  Quality control measures included matrix blanks 
and a standard curve prepared in triplicate, ranging from 108-101 gene copies µL-1.  All PCR 
fragments were visualized on SYBR® Safe-stained 1.5% agarose gels to ensure target gene 
amplification. 
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Table 5.2.  Primers and thermal conditions used for quantitative polymerase chain reaction (qPCR) 
amplification of catechol 2,3 dioxygenase (C2,3O), naphthalene dioxygenase (nahAc), and RNA 
polymerase beta subunit (rpoB). 
Target gene Ta‡ Primer Expected 
size (bp)
Control 
Strain Primer sequence† (°C) (µM) 
Catechol 2,3 dioxygenase (C2,3O) 65.6 1.0 406 P. putida 
F: 5'- AGG TGC TCG GTT TCT ACC TGG CCGA ATCC 29347
R: 5'- ACG GTC ATG AAT CGT TCG TTG AG 
Naphthalene dioxygenase (nahAc) 47.0 1.0 377 P. putida 
F: 5'- CAA AAR CAC CTG ATT YAT GG ATCC 17484
R: 5'- AYR CGR GSG ACT TCT TTC AA 
RNA polymerase beta subunit (rpoB) 68.0 1.0 398 E. coli 
F: 5'- CAA CAT CGG TTT GAT CAA C 
R: 5'- CGT TGC ATG TTG GTA CCC AT 
†Forward (F) and reverse (R) primers are indicated.  
‡Ta = annealing temperatures used during real-time PCR.  
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5.4.7.2 Bioinformatics processing 
Bacterial community composition was assessed by high-throughput amplicon library 
sequencing as described in Lamb et al. (2016).  Prior to PCR reaction, A. fischeri (ATCC 14546) 
was spiked at 1% (0.1 ng) and used as an internal standard (Smets et al., 2016).  Primers 
contained an Illumina adapter and a unique barcode sequence for sample pooling.  Samples were 
amplified with the universal 16S rRNA primer set 515F/806R, which amplifies a 291 bp 
fragment near the bacterial v4 region (Caporaso et al., 2010), and purified using Beckman 
Coulter AmPure XP Beads on a magnetic stand.  The Illumina indexes/adapters were added in 
the next PCR and samples were purified again using the AmPure XP Beads.  Following pooling, 
the samples were sequenced on an Illumina MiSeq using a V3 chemistry kit (600 cycles).  
European Bioinformatics Institute (EBI) Metagenomics was used as a platform to analyze 
Illumina MiSeq sequence data (Mitchell et al., 2016).  Sequencing data have been deposited in 
the European Molecular Biology Laboratory (EMBL) with accession number ERP019994. 
5.4.8 Statistical analysis 
All statistical analyses were executed using RStudio Version 3.3.2 (R Core Team, 2017).  
A two-way Analysis of Variance (ANOVA) was used to assess the effects of treatment and 
sampling location on mineralization, pH, nutrients, and functional gene abundance.  Data was 
tested for assumptions of normality using Shapiro-Wilks test and homogeneity of variance using 
Bartlett’s test, and means separation was performed using Fisher’s Least Significant 
Difference (LSD) multiple comparisons test.  Bar graphs were created in SigmaPlot Version 12.  
Prior to bacterial community analysis, operational taxonomic unit (OTU) counts were 
normalized to A. fischeri and DNA concentration then transformed with DESeq2 in 
RStudio (Love et al., 2014).  Principal coordinates analysis (PCoA) was used to identify 
differences in microbial community composition in bone chip biochar-amended soils, while 
distance-based redundancy analysis (db-RDA) with Bray-Curtis distance was used to determine 
the relationship between environmental variables and bacterial community.  Bacterial 
community composition data and graphs were processed in RStudio, using the vegan
Version 2.4.4 (Oksanen et al., 2017), ggplot2 Version 2.2.1 (Wickham, 2009), and ggtree 
Version 1.10.0 (Yu et al., 2017b) packages. 
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5.5 Results and Discussion 
5.5.1 13C-phenanthrene mineralization 
Significant spatial patterns were evident in soils amended with bonemeal and bone chip 
biochar, with the greatest 13C-phenanthrene mineralization occurring in the charosphere 
soil (Fig. 5.1).  For example, in soils amended with bone chip biochar, 13C-phenanthrene 
mineralization in charosphere soil (84% [SE = 8.2]) was significantly higher when compared to 
bulk soil (43% [SE = 4.8]) and bone chip biochar particles (13% [SE = 11]) (P < 0.05).  In soils 
amended with bonemeal biochar, 13C-phenanthrene mineralization was significantly higher in 
charosphere soil when compared to bonemeal biochar particles, but not bulk soil (P < 0.05).  On 
average, 13C-phenanthrene mineralization in biochar particles was low (17% [SE = 6.7]), 
however, enhanced mineralization occurred in wood biochar particles (63% [SE = 15]).  The 
heterogeneity of these spatial niches was highlighted by variable 13C-phenanthrene 
mineralization rates in biochar particles and charosphere soil (i.e., relative standard deviations 
ranging from 40-200% in biochar particles and 22-137% in charosphere soil), compared to the 
bulk soil (i.e., relative standard deviations ranging from 18-32%). 
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Fig. 5.1.  13C-phenanthrene mineralization (%) was measured in bulk soil, charosphere soil, 
and biochar particles of a control and bonemeal, bone chip, fishmeal, and wood 
biochar-amended soils.  Bars represent the mean (n = 5), with the error bars representing 
the standard error of the mean.  Different letters indicate significantly different 
13C-phenanthrene mineralization (ANOVA, P < 0.05). 
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Previous studies that separated charosphere soil from biochar particles and the bulk soil 
concluded that biochar altered physicochemical properties of charosphere soil and influenced 
soil microbial activity and structure in agricultural soil (Quilliam et al., 2013a) or cadmium 
transport and transformation in metal contaminated soil (Wang et al., 2017).  Of the four 
biochars used in this experiment, those derived from bone (bonemeal and bone chip) had the 
highest ash content and pore volume, and bone chip biochar had the highest BET surface 
area (Table 5.1).  Although biochar particles were generally unsuitable sites for mineralization, 
charosphere soil is under the direct influence of biochar particles, which suggests that a 
combination of one or more of the aforementioned properties increased 13C-phenanthrene 
mineralization in the charosphere.  For example, greater surface area and porosity can influence 
water and nutrient retention (Atkinson et al., 2010; Lehmann et al., 2011) and stimulate 
microbial colonization (Jaafar et al., 2015).  In this study, related chemical and microbial 
changes, which may influence 13C-phenanthrene mineralization in the charosphere of bone 
derived biochars, were observed in subsequent analyses. 
5.5.2 pH 
Compared to the control soil, the pH of both soil and biochar in bone-derived treatments 
were similar or lower, while pH was elevated in all spatial niches of wood biochar treatments 
and in the bulk soil of fishmeal biochar treatments (Fig. 5.2, ANOVA, P < 0.05).  For instance, 
compared to the pH of the unamended control soil (7.52 [SE = 0.03]), the pH of bone chip 
biochar particles was significantly lower (7.12 [SE = 0.01]).  There were no significant 
differences between sampling location in bonemeal biochar treatments.  The pH of all biochars 
decreased from initial values (Table 5.1), with an average difference of 2.1 and 1.4 units in 
bonemeal and bone chip biochars, respectively. 
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Fig. 5.2.  After 90 days incubation at -5 °C, pH was quantified in bulk soil, charosphere soil, 
and biochar particles of a control and bonemeal, bone chip, fishmeal, and wood biochars.  
Bars represent the mean n = 5), with the error bars representing the standard error of the 
mean.  Different letters indicate significantly different pH (ANOVA, P < 0.05). 
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In this study, average pH increased in a neutral soil (pH = 7.5) when amended with 
fishmeal and wood biochars but remained neutral with bonemeal and bone chip biochars.  
Biochar can increase the pH of acidic soils (Yao et al., 2017) and decrease the pH of calcareous 
soils (Liu and Zhang, 2012; Ippolito et al., 2016), but this is dependent on the pH of both the 
biochar and soil.  Biochars are thought to decrease pH by altering soil buffering capacity due to 
the production of acidic functional groups during chemical and microbial oxidation of biochar 
particles (Cheng et al., 2006) and by increasing overall soil CEC with the addition of biochars 
with high CEC (Laird et al., 2010; Fellet et al., 2011; Jones et al., 2011a; Peng et al., 2011).  The 
bone-derived biochars used in this study had high CEC, relative to wood biochar (Table 5.1), 
which may have buffered potential pH changes from the bone-derived biochars compared to the 
large increase seen with wood biochar. 
5.5.3 Extractable nutrients 
In biochar particles, NH4+-N and NO3--N concentrations were higher in bonemeal biochar, 
while the concentration of PO43--P was higher in bone chip biochar (Fig. 5.3, ANOVA, 
P < 0.05).  For example, PO43--P concentrations were 4,177 µg g-1 (SE = 444) in bone chip 
biochar and 450 µg g-1 (SE = 95) in bonemeal biochar.  In general, nutrient concentrations in the 
charosphere and bulk soils were comparable to the control and elevated to varying degrees in 
biochar particles (Appendix C, Fig. C.1, ANOVA, P < 0.05).  However, average NO3--N 
concentrations were similar between biochar particles and charosphere soil in bone chip biochar 
treatments (Fig 5.3B, ANOVA, P = 0.95). 
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Fig. 5.3.  After 90 days incubation at -5 °C, the following extractable nutrients: 
(A) ammonium (NH4+-N), (B) nitrate (NO3--N), and (C) phosphate (PO43--P), in µg g-1, were 
quantified in the bulk soil, charosphere soil, and biochar particles of bonemeal and bone 
chip biochar-amended soils.  Bars represent the mean (n = 5), with the error bars 
representing the standard error of the mean.  Different letters indicate significantly 
different nutrient concentrations (ANOVA, P < 0.05). 
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In a study using giant reed biochar, the release of PO43- and NH4+ decreased with 
increasing pH, while NO3- was not dependent on pH (Zheng et al., 2013).  The nutrients 
PO43- and NH4+ are likely more soluble and therefore bioavailable in bonemeal and bone chip 
biochar-amended soil, specifically in bone chip biochar particles which had a significantly lower 
pH than the control soil (Germano et al., 2012).  Recent studies suggest that biochar promotes 
plant growth by capturing and slowly releasing nitrate (Haider et al., 2016).  In temperate field 
trials, up to 60% of nitrate was released from co-composted biochar-amended soils that 
underwent additional 2 M KCl extractions, which indicates that total nitrate may be 
underestimated as nitrate is captured and slowly released from biochar (Kammann et al., 2015; 
Hagemann et al., 2017).  Similarly, in this study, less NO3--N may have been extracted from 
bone chip biochar particles due to its ability to capture and retain nitrate.  Alternatively, it is 
possible that fewer nutrients were extracted from the bulk soil and charosphere due to 
immobilization by soil microorganisms, which is supported by generally higher 
13C-phenanthrene mineralization rates in bulk and charosphere soils.  Nutrient transformations, 
including immobilization, have been linked to biochar-induced changes in microbial 
processes (Gul and Whalen, 2016). 
5.5.4 Functional gene abundance 
After 90 days, functional gene abundance responded to biochar type and sampling location 
in frozen, PHC contaminated soils (Appendix C, Fig. C.2, ANOVA, P < 0.05).  Both biochar 
particles and charosphere soil had higher C2,3O gene abundance than the bulk soil (Fig. 5.4A, 
ANOVA, P < 0.05); nahAc gene abundance was greater in charosphere soil when compared to 
the bulk soil, but not biochar particles (Fig. 5.4B, ANOVA, P < 0.05), and; there were no 
differences in rpoB gene abundance between sampling locations (Fig. 5.4C, ANOVA, P < 0.05).  
For example, C2,3O abundance was 6.01 log10(copies g-1) (SE = 0.31) in bone chip biochar 
particles, 5.99 log10(copies g-1) (SE = 0.19) in the charosphere soil, and 
4.68 log10(copies g-1) (SE = 0.05) in the bulk soil.  However, in bonemeal biochar-amended soil, 
all functional gene abundances were higher in biochar particles when compared to bulk and 
charosphere soils (Fig. 5.4A-C, ANOVA, P < 0.05).  Results from the control treatment, 
fishmeal biochar, and wood biochar are provided in Appendix C (Fig. C.2). 
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Fig. 5.4.  After 90 days incubation at -5 °C, functional gene abundance for the following 
genes: (A) catechol 2,3 dioxygenase (C2,3O), (B) naphthalene dioxygenase (nahAc), and 
(C) RNA polymerase beta subunit (rpoB), in log10(copies g-1), were quantified in the bulk 
soil, charosphere soil, and biochar particles of a control and the bonemeal and bone chip 
biochar treatments.  Bars represent the mean (n = 5), with the error bars representing the 
standard error of the mean.  Different letters indicate significantly different functional 
gene abundance (ANOVA, P < 0.05). 
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In a laboratory study that evaluated meat and bonemeal biochar amendments to frozen 
PHC contaminated soil, C2,3O and nahAc functional gene abundance increased over 90 days but 
there was no difference between the control and biochar treatments in homogenized 
soils (Karppinen et al., 2017b).  However, this study did not include sampling location as a factor 
while the present study highlights that biochar effects are localized in specific spatial niches of 
the soil.  Increased C2,3O and nahAc gene abundances correlate with increased polycyclic 
aromatic hydrocarbon (PAH) mineralization (Phillips et al., 2008).  In this study, both C2,3O and 
nahAc gene abundance and 13C-phenanthrene mineralization were elevated in the charosphere of 
bone chip biochar.  However, for treatments in which 13C-phenanthrene mineralization was 
negligible (i.e., 0-13%) such as bonemeal and bone chip biochar particles there was not a clear 
link to functional genes.  There are many steps involved in PAH degradation (Liang et al., 2016), 
and nahAc may not be the limiting gene under frozen conditions. 
5.5.5 Soil microbial community analysis 
5.5.5.1 Community-level 
Phosphate concentration in soil successfully predicted (P < 0.10) microbial community 
composition (Fig. 5.5).  The distance-based redundancy analysis (db-RDA) explained 86% of the 
total variance and in contrast an unconstrained ordination explained 77% of the variance.  Other 
soil factors such as 13C-phenanthrene mineralization (P = 0.65) and changes in pH (P = 0.88) 
were not significant predictors of community composition.  Similarly, average diversity indices, 
which have been normalized to A. fischeri and rarefied, showed no significant differences 
between treatments or sampling locations (Appendix C, Table C.1, ANOVA, P > 0.05).
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Fig. 5.5.  Distance-based redundancy analysis (db-RDA) of bacterial community 
composition in bone chip biochar-amended soils, with environmental vectors.  Symbols 
represent replicates of the bacterial communities present in each sampling location; bulk 
soil (□), charosphere (○), and biochar particles (△).  Arrows indicate correlation between 
the environmental parameters and community structure of samples. 
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Supporting the results of this db-RDA analysis, PO43- concentrations were orders of 
magnitude greater in bone chip biochar particles when compared to charosphere and bulk soils 
(ANOVA, P < 0.05).  Two distinct spatial clusters are visible with the upper right cluster 
dominated by biochar particles, which might indicate that these communities are different but 
that this incubation temperature and time, i.e., -5 °C for 90 days, did not allow the microbial 
community to fully differentiate based on spatial sampling locations (Fig. 5.5).  The relative 
percentages of phosphate minerals and available organic phosphorus influence microbial 
community composition in PHC contaminated and forest soils (DeForest and Scott, 2010; 
Siciliano et al., 2016).  Combined with the observation that PO43- absorption to biochar is 
linear (Sarkhot et al., 2013), it is possible that the spatial distribution of phosphate is driving a 
shift in microbial community in bone chip biochar particles. 
5.5.5.2 Individual-level 
In bone chip biochar-amended soil, seven genera showed significant differences between 
sampling locations (Fig. 5.6, Poisson Regression, P < 0.05).  The relative abundances of 
Mesorhizobium, Janthinobacterium, Pseudomonas, and Arthrobacter decreased in both 
charosphere soil and biochar particles when compared to the bulk soil.  However, the relative 
abundance of Agrobacterium increased in biochar particles while the relative abundances of 
Caulobacter and Bosea increased in charosphere soil.  In all sampling locations, Pseudomonas
was the most abundant genus, followed by Agrobacterium, Bosea, and Arthrobacter. 
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Fig. 5.6.  Phylogeny and relative abundances of dominant (> 0.1%) OTUs in microbial 
consortia from bulk soil, charosphere soil, and biochar particles in bone chip 
biochar-amended soils.  Circle colors indicate significantly greater (light blue) or 
lower (pink) abundances, respectively, in spatial sampling locations (Poisson Regression, 
P < 0.05). 
98 
Petroleum hydrocarbon contamination in soils can cause a reduction in species richness 
and shifts in the dominant phylotypes, and the addition of biochar also has been shown to affect 
microbial community composition (Taketani et al., 2013; Yang et al., 2016b).  In this study, 
Bosea and Caulobacter are both gram-negative bacterium from the phylum Proteobacteria
whose relative abundance increased in charosphere soil and decreased in biochar particles of 
bone chip biochar-amended soils.  Bosea was identified as an inorganic sulfur-oxidizing 
bacterium able to fix nitrogen and degrade crude oil and other petroleum hydrocarbon 
compounds (Das et al., 1996; Seo et al., 2007; Jiao et al., 2016).  Caulobacter has been isolated 
from Canadian artic soils contaminated with diesel fuel and shown to degrade alkane 
hydrocarbons and PAHs, even at low temperatures (Nierman et al., 2001; Mazzon et al., 2008; 
Bell et al., 2011; Yergeau et al., 2012).  Furthermore, Caulobacter is characterized by its ability 
to elongate its stalk in order to increase phosphate uptake in nutrient-poor soils (Ong et al., 1990; 
Gonin et al., 2000).  These results suggest that environmental conditions in the charosphere are 
unique and select for microorganisms that degrade petroleum hydrocarbons and increase nutrient 
bioavailability. 
5.6 Conclusions 
In this study, it was demonstrated that biochar creates a spatial distribution in the soil, due 
to the influence of biochar particles on charosphere soil.  Traditional sampling methods, which 
consider the effects of biochar in homogenized soils, may be overlooking significant results 
which are masked when spatial sampling locations are not separated.  In accordance with many 
biochar studies, the effects of chemical and biological properties of the charosphere soil are 
dependent on biochar type.  In these soils, bone-derived biochars, specifically bone chip biochar, 
were most successful in stimulating 13C-phenanthrene mineralization in frozen soils.  The 
bone-derived biochars appear to be acting through a phosphate pathway, as it was only these 
biochars that kept the soil in the optimum phosphate solubility range (i.e., pH < 7.5).  In the bone 
chip biochar-amended soils, phosphate was a significant determinant of the overall microbial 
communities and the increase by biochars occurred in the charosphere and corresponded to the 
enhancement of Caulobacter, a well-known psychrotrophic bacterium well suited to scavenging 
phosphate in nutrient poor soils.  This research contributes to the knowledge base surrounding 
biochar applications to enhance PHC degradation in frozen soils and suggests that optimizing the 
charosphere in bone-derived biochars may increase remediation success in northern regions.
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6. SYNTHESIS AND CONCLUSIONS
Currently, biochar research is focused in tropical and temperate regions; as well, laboratory 
and field studies that examine the effect of biochar on PHC degradation in soil are limited.  
While biochar has been proven an effective soil amendment for many ecosystem services, there 
is an alarming lack of consensus between findings and proposed mechanisms of action.  The 
primary goal of these studies was to address several knowledge gaps surrounding biochar 
applications to enhance PHC degradation in northern soils.  First, laboratory studies confirmed 
that biochar enhanced F3-PHC degradation in frozen soils by increasing θliquid, total 
PHC-degrading microorganisms, and aromatic functional gene abundance.  Second, field studies 
determined that bone-derived biochars which are applied as incorporated slurries are the most 
effective at promoting PHC degradation in northern soils.  Finally, a laboratory study identified 
that 13C-phenathrene mineralization and other soil properties are spatially distributed in 
biochar-amended soils, and bone-derived biochars successfully enhanced mineralization and pH.  
These studies demonstrate that bone-derived biochars may be suitable amendments for PHC 
degradation in northern soils, but further evaluation is required to develop general 
recommendations for northern applications. 
6.1 Summary of Findings 
6.1.1 Petroleum hydrocarbon degradation 
Biochar can enhance PHC degradation under frozen conditions.  For instance, F3-PHC 
concentrations decreased by up to 28% and k values were significantly greater in meat and 
bonemeal biochar-amended soil than the control (Chapter 3).  Meat and bonemeal biochar had no 
effect on F2 or F3-PHC degradation under thawed conditions, which prompted further 
investigation into biochar effects in frozen soils.  Regardless of feedstock, frozen soil with 
biochar additions had significantly less F2-PHCs on Day 90, but F3-PHCs only decreased over 
90 days in bonemeal biochar-amended soils (Chapter 4).  Under frozen conditions with limiting 
environmental conditions (i.e., θliquid, nutrient availability, and gas exchange), positive effects 
were more pronounced than in thawed soils. 
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In both years of field trials, differences in F2 or F3-PHC degradation were minimal when 
comparing biochar-amended soils and control soils (Chapter 4).  For example, from Day 0 to 
Day 31, F2-PHCs significantly decreased in fishmeal biochar-amended soils, but on Day 31 
there was no difference in F2-PHC concentration between soil amended with fishmeal biochar 
and the control.  These results suggest that small, transient changes in soil properties and PHC 
degradation resulting from biochar additions are likely masked by the inability to control 
inherently heterogeneous environmental conditions.  Across all biochar types and controls, 
incorporation caused a rapid (within 31 days) decrease in F2 and F3-PHC soil concentrations, 
whereas injection exhibited a delayed decrease (up to 334 days).  Incorporated treatments 
resulted in soil which was below concentration guidelines before the winter season, which is 
important in northern regions with short growing seasons. 
6.1.2 Physical and chemical soil properties 
Biochars can contain a large supply of nutrients and selectively increase nutrient 
availabilities.  Available NH4+-N, NO3--N, and PO43--P did not increase in biochar-amended soils 
under thawed or frozen conditions, but meat and bonemeal biochar supplied more PO43--P than 
compost in thawed soils (Chapter 3).  In both years of field trials, NH4+-N, NO3--N, and PO43--P 
availabilities increased in some biochar-amended soils, but results varied between location and 
study year (Chapter 4).  High extractable nutrient concentrations in biochar particles 
demonstrated that biochars can potentially supply significant amounts of nutrients (Chapter 5).  
In thawed soils, biochar-amended soils contained more NH4+-N, NO3--N, and PO43--P than the 
control, which was attributed to a concentration of nutrients, specifically PO43--P, in biochar 
particles. 
Biochar can increase θliquid, soil temperature, and pH.  Under frozen conditions, θliquid was 
higher in meat and bonemeal biochar-amended soil than the control (Chapter 3).  In both years of 
field trials, θliquid was higher in fishmeal biochar-amended soils than controls, but soil 
temperature only increased in the first year of field trials (Chapter 4).  Fishmeal and wood 
biochars increased pH in frozen soils (Chapter 5).  To my knowledge, this is the first time θliquid
has been measured in frozen, biochar-amended soils, and these results demonstrate that biochars 
can enhance certain physical and chemical soil properties under both thawed and frozen 
conditions. 
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6.1.3 Soil microbial community 
Biochar can influence individual soil microorganisms and alter the soil microbial 
community.  In frozen soils, aromatic (C2,3O and nahAc) functional gene abundance increased 
over time in both bonemeal biochar-amended and control treatments, whereas total 
PHC-degrading populations increased only in bonemeal biochar-amended soils (Chapter 3).  
This combination of increased microbial activity unique to aromatic and total PHC-degraders 
was linked to the reduction in F3-PHC concentrations under frozen conditions.  Similarly, 
aromatic functional gene abundance (C2,3O and nahAc) was higher in frozen, PHC 
contaminated soil with bone-derived biochar additions (Chapter 5).  However, this increase in 
aromatic functional gene abundance was not linked to increased 13C-phenanthrene 
mineralization.  In the first year of field trials, wood biochar inhibited both aliphatic (alkB) and 
aromatic (C2,3O and nahAc) functional gene abundance, but there was no indication that PHC 
degradation was affected (Chapter 4).  Although the soil microbial community was sensitive to 
biochar applications, this was not clearly linked to PHC degradation. 
6.1.4 Biochar feedstock 
Bone-derived biochars were more effective in stimulating PHC degradation than those 
derived from wood.  In Chapter 3, meat and bonemeal biochar increased F3-PHC degradation 
rates, θliquid, aromatic functional gene abundance, and total PHC degraders in frozen soil.  In 
Chapter 4, fishmeal biochar influenced F2-PHC degradation under field conditions and bonemeal 
biochar increased F3-PHC degradation in frozen soil.  In field trials, nutrient availabilities 
increased regardless of feedstock, but θliquid and soil temperature increased only in soils amended 
with fishmeal biochar.  In several chapters, the effectiveness of bone-derived biochars was linked 
to its inherent physicochemical properties such as ash content, pore size, surface area, and CEC, 
which are determined by feedstock source and pyrolysis conditions. 
6.1.5 Application method 
Homogenous incorporated slurries were the most effective biochar application method in 
northern landfarms.  In Chapter 4, incorporated biochar slurries decreased F2 and F3-PHC 
concentrations faster than injected biochar slurries.  Incorporated biochar slurries also had 
greater NO3- availability, θliquid, and aromatic functional gene abundance.  The process of 
homogenization, which aerates the soil and promotes soil-biochar contact, was thought to 
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stimulate PHC degradation and enhance NO3- availability and θliquid.  Chapter 5 confirmed that 
the spatial distribution between biochar particles and surrounding soil dictates the response of 
many soil properties related to PHC degradation. 
6.1.6 Biochar-soil spatial relationship 
Microbial degradation is influenced by the spatial relationship between biochar particles and 
the surrounding soil.  In Chapter 5, 13C-phenanthrene mineralization increased in the charosphere 
of bonemeal and bone chip biochar-amended soils.  In bone chip biochar treatments, the 
charosphere soil had higher aromatic catabolic functional gene abundance than the bulk soil or 
biochar particles.  Soil pH remained near neutral after bone chip biochar additions, and the 
relative abundances of Bosea and Caulobacter increased in charosphere soil.  Furthermore, 
PO43- concentration successfully predicted microbial community abundance, which may be 
linked to pH and phosphate solubility.  These results demonstrate that the spatial distribution of 
biochar in soil is an important mechanism driving PHC degradation and improved soil properties 
in northern soils, and the charosphere has unique conditions which select for microorganisms 
that degrade PHCs and increase phosphate availability. 
6.2 Conclusions 
The overall goal of these studies was to evaluate biochar as a soil amendment to enhance 
PHC degradation in northern landfarms and contribute to the understanding of specific 
soil-biochar interactions in northern soils.  The degradation of PHCs was influenced by many 
interrelated factors, including the inherent properties of soil and biochar, environmental 
conditions, application method, and soil-biochar contact.  The biochars assessed in these studies 
were incubated under comparable environmental conditions in the laboratory and field yet 
facilitated different amounts of PHC degradation and altered the physical, chemical, and 
biological properties of soil to varying degrees.  Most notably, biochar increased F3-PHC 
degradation and θliquid in frozen soils, bone-derived biochars applied as incorporated slurries were 
the most effective at promoting PHC degradation under field conditions, and biochar created a 
spatial distribution in the soil due to the influence of biochar particles on charosphere soil.  Other 
results indicated that biochar had a positive effect on PHC degradation rates and certain soil 
properties but were highly variable and it was often difficult to draw strong conclusions.  
Collectively, these individual studies demonstrate that bone-derived biochars have significant 
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potential to increase PHC degradation rates and enhance the physical, chemical, and biological 
properties of northern soils, but also highlight the need for further research into methods to 
provide a more spatially consistent beneficial effect.  To the best of my knowledge, this is the 
first study to investigate the use of biochar as a soil amendment in frozen soils and to enhance 
PHC degradation in northern landfarms. 
6.3 Significance 
The significance of this research lies in the knowledge gained concerning PHC degradation 
and biochar application in northern landfarms.  The successful implementation of ex-situ
remediation technologies that are tailored for northern landfarms results in increased PHC 
degradation rates and soil turnover.  The cost of remediating contaminated soil in northern 
Canada is often a limiting factor, and by optimizing environmental conditions to improve PHC 
degradation rates using low maintenance remediation technologies, more contaminated soil can 
be processed in less time with less cost.  There is also an opportunity to reduce local waste by 
creating biochars with appropriately selected waste material.  Technology transfer between, and 
increased capacity of northern biochar producers will improve the likelihood for effective 
remediation but will also provide economic benefit for companies operating in northern regions 
due to reduced northern logistics and shipping costs.  However, several issues with the 
practicality of producing and applying biochars in northern environments were identified, 
including; difficulties associated with producing biochars with consistent properties using 
small-scale burning units, biochar’s significant powder fraction that can become airborne in light 
wind during transport or application, and high application rates (i.e., 6% [v/v] converts to 
7-43 t ha-1 depending on the biochar’s bulk density).  Overall, working with local industry to 
develop and improve remediation technologies, methods and protocols that work in northern 
soils is essential to alleviate current challenges to cost-effective remediation. 
6.4 Future Research 
This dissertation highlights that further studies are required to (i) understand how biochar 
applications can benefit PHC remediation in northern landfarms and (ii) determine how practical 
the production and application of biochars are in northern locations.  Rather than simply 
quantifying PHC degradation and the associated physical, chemical, and biological soil 
properties, there is also a need to identify the specific mechanisms driving the positive effects of 
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biochar in northern soils.  Based on the results obtained from laboratory and field studies, several 
knowledge gaps prompted potential areas of future research. 
6.4.1 Field studies 
Northern soils are unique and there have been few studies which measure the response of 
F2 and F3-PHCs and associated soil properties under field conditions.  Several studies have 
indicated that positive responses to biochar amendments observed in short-term laboratory 
experiments were not paralleled in field studies (Jones et al., 2012).  In field studies, certain 
physical, chemical, and biological soil properties, including θliquid, NO3- availability, and 
functional gene abundance, were enhanced, but results were inconsistent between 
locations (Chapter 4).  There was little difference in PHC degradation in biochar-amended and 
control soils at both locations and F2 and F3-PHC concentrations were relatively low.  To 
confidently recommend the use of biochar as a soil amendment in northern landfarms, field 
studies conducted over a range of PHC concentrations and on sites with varying soil and 
climactic condition should be evaluated.  Although enhancing soil properties is important for the 
microbial community and overall soil productivity, this must be reflected by enhanced 
degradation rates to become a practical and economical soil amendment for northern landfarms. 
6.4.2 Linking biochar, phosphate availability, and PHC degradation 
Nutrient availabilities, specifically N and P, are limiting factors for PHC degradation in 
northern soils (Mohn and Stewart, 2000).  Studies have shown that total phosphate and 
phosphate mineralogy are linked to PHC degradation rates and microbial community 
composition in calcareous soils (Siciliano et al., 2016).  Biochar may also directly and indirectly 
influence P availability in soil by altering soil pH (Ippolito et al., 2016) and by changing nutrient 
sorption and leaching dynamics (Yao et al., 2012).  Although biochar additions can increase 
PO43- availability (Chapter 4) and certain biochars contain a large supply of extractable 
PO43- (Chapter 5), observations were inconsistent and a direct link between increased 
PO43- availability in biochar-amended soils and enhanced PHC degradation was not established.  
Upon further investigation, extractable PO43- successfully predicted microbial community 
composition, and increased the relative abundance of Caulobacter, a psychrotrophic bacterium 
capable of accessing PO43- in the charosphere of nutrient poor soils (Chapter 5).  These results 
suggest that P availability could be an important mechanism driving PHC degradation in 
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northern soils, and future research should attempt to characterize the link between P availability 
and biochar additions and indicate how this influences soil microorganisms and PHC 
degradation. 
6.4.3 Further evaluation of the charosphere 
The charosphere is described as the soil immediately surrounding and influenced by 
biochar particles, and has been identified as a separate spatial niche that has unique properties 
from biochar particles and bulk soil (Quilliam et al., 2013a; Wang et al., 2017).  Charosphere soil 
had higher 13C-phenanthrene mineralization, aromatic catabolic gene abundance, and relative 
abundances of PHC-degrading bacteria, but this was dependent on biochar feedstock (Chapter 5).  
This study was limited by the amount of charosphere soil that was available for laboratory 
analysis.  Further evaluation of the role of the charosphere in laboratory and field soils could 
reveal other soil properties that are spatially distributed in biochar-amended soils.  For example, 
biochar additions influenced θliquid, pH, and F2 and F3-PHC concentrations in frozen 
soils (Chapter 3; Chapter 4), but these responses might have been masked by the homogenization 
of spatial sampling locations.  Additional data which is separated into specific spatial 
niches (i.e., bulk soil, charosphere soil, biochar particles) would be useful for determining the 
role of the charosphere in enhancing PHC degradation in northern soils. 
106 
7. REFERENCES
Abel, S., A. Peters, S. Trinks, H. Schonsky, M. Facklam, and G. Wessolek. 2013. Impact of 
biochar and hydrochar addition on water retention and water repellency of sandy soil. 
Geoderma 202–203: 183–191. 
Adam, G., and H.J. Duncan. 1999. Effect of diesel fuel on growth of selected plant species. 
Environ. Geochem. Health 21(4): 353–357. 
Ahmed, H.P., and J.J. Schoenau. 2015. Effects of biochar on yield, nutrient recovery, and soil 
properties in a canola (Brassica napus L)-wheat (Triticum aestivum L) rotation grown under 
controlled environmental conditions. Bioenergy Res. 8(3): 1183–1196. 
Aislabie, J.M., M.R. Balks, J.M. Foght, and E.J. Waterhouse. 2004. Hydrocarbon spills on 
Antarctic soils: Effects and management. Environ. Sci. Technol. 38(5): 1265–1274. 
Aislabie, J., J. Foght, and D. Saul. 2000. Aromatic hydrocarbon-degrading bacteria from soil 
near Scott Base, Antarctica. Polar Biol. 23(3): 183–188. 
Aislabie, J., D.J. Saul, and J.M. Foght. 2006. Bioremediation of hydrocarbon-contaminated polar 
soils. Extremophiles 10(3): 171–179. 
Amadi, A., S.D. Abbey, and A. Nma. 1996. Chronic effects of oil spill on soil properties and 
microflora of a rainforest ecosystem in Nigeria. Water. Air. Soil Pollut. 86(1–4): 1–11. 
Amonette, J.E., and S. Joseph. 2009. Characteristics of biochar: Microchemical properties. 
p. 33–52. In Lehmann, J., Joseph, S. (eds.), Biochar for Environmental Management: 
Science and Technology. Earthscan, London. 
Anaka, A., M. Wickstrom, and S.D. Siciliano. 2008. Increased sensitivity and variability of 
phytotoxicity responses in Arctic soils to a reference toxicant, boric acid. Environ. Toxicol. 
Chem. 27(3): 720–726. 
Angst, T.E., and S.P. Sohi. 2013. Establishing release dynamics for plant nutrients from biochar. 
GCB Bioenergy 5(2): 221–226. 
Antal, M.J., and M. Grønli. 2003. The art, science, and technology of charcoal production. Ind. 
Eng. Chem. Res. 42(8): 1619–1640. 
Asai, H., B.K. Samson, H.M. Stephan, K. Songyikhangsuthor, K. Homma, Y. Kiyono, Y. Inoue, 
T. Shiraiwa, and T. Horie. 2009. Biochar amendment techniques for upland rice production 
in Northern Laos. 1. Soil physical properties, leaf SPAD and grain yield. F. Crop. Res. 
111(1–2): 81–84. 
107 
Atkinson, C.J., J.D. Fitzgerald, and N.A. Hipps. 2010. Potential mechanisms for achieving 
agricultural benefits from biochar application to temperate soils: A review. Plant Soil 
337(1): 1–18. 
Atlas, R.M.M. 1981. Microbial degradation of petroleum hydrocarbons: an environmental 
perspective. Microbiol. Rev. 45(1): 180–209. 
Atlas, R.M. 1995. Bioremediation of petroleum pollutants. Int. Biodeterior. Biodegrad. 35(1–3): 
317–327. 
Baldock, J.A., and R.J. Smernik. 2002. Chemical composition and bioavailability of thermally 
altered Pinus resinosa (Red pine) wood. Org. Geochem. 33(9): 1093–1109. 
Baldwin, B.R., C.H. Nakatsu, and L. Nies. 2003. Detection and enumeration of aromatic 
oxygenase genes by multiplex and real-time PCR. Appl. Environ. Microbiol. 69(6): 3350–
3358. 
Barnes, D.L., S.M. Wolfe, and D.M. Filler. 2004. Equilibrium distribution of petroleum 
hydrocarbons in freezing ground. Polar Rec. 40: 245–251. 
Basso, A.S., F.E. Miguez, D.A. Laird, R. Horton, and M. Westgate. 2013. Assessing potential of 
biochar for increasing water-holding capacity of sandy soils. GCB Bioenergy 5(2): 132–
143. 
Beesley, L., E. Moreno-Jiménez, and J.L. Gomez-Eyles. 2010. Effects of biochar and greenwaste 
compost amendments on mobility, bioavailability and toxicity of inorganic and organic 
contaminants in a multi-element polluted soil. Environ. Pollut. 158(6): 2282–2287. 
Van Beilen, J.B., and E.G. Funhoff. 2007. Alkane hydroxylases involved in microbial alkane 
degradation. Appl. Microbiol. Biotechnol. 74(1): 13–21. 
Van Beilen, J.B., E.G. Funhoff, A. Van Loon, A. Just, L. Kaysser, M. Bouza, R. Holtackers, M. 
Röthlisberger, Z. Li, and B. Witholt. 2006. Cytochrome P450 alkane hydroxylases of the 
CYP153 family are common in alkane-degrading eubacteria lacking integral membrane 
alkane hydroxylases. Appl. Environ. Microbiol. 72(1): 59–65. 
Bej, A.K., D. Saul, and J. Aislabie. 2000. Cold-tolerant alkane-degrading Rhodococcus species 
from Antarctica. Polar Biol. 23: 100–105. 
Bell, T.H., E. Yergeau, C. Martineau, D. Juck, L.G. Whyte, and C.W. Greer. 2011. Identification 
of nitrogen-incorporating bacteria in petroleum-contaminated arctic soils by using [15N] 
DNA-based stable isotope probing and pyrosequencing. Appl. Environ. Microbiol. 77(12): 
4163–4171. 
Betts, A.R., N. Chen, J.G. Hamilton, and D. Peak. 2013. Rates and mechanisms of Zn2+
adsorption on a meat and bonemeal biochar. Environ. Sci. Technol. 47(24): 14350–14357. 
108 
Blackwell, P., G. Riethmuller, and M. Collins. 2009. Biochar application to soil. p. 201–226. In
Lehmann, J., Joseph, S. (eds.), Biochar for Environmental Management: Science and 
Technology. Earthscan, London. 
Blackwell, P., S. Shea, P. Storer, Z. Solaiman, M. Kerkmans, and I. Stanley. 2007. Improving 
wheat production with deep banded Oil Mallee Charcoal in Western Australia. The First 
Asia-Pacific Biochar Conference. Terrigal, Australia. 
Børresen, M.H., and A.G. Rike. 2007. Effects of nutrient content, moisture content and salinity 
on mineralization of hexadecane in an Arctic soil. Cold Reg. Sci. Technol. 48(2): 129–138. 
Bressler, D.C., and M.R. Gray. 2003. Transport and reaction processes in bioremediation of 
organic contaminants. Int. J. Chem. React. Eng. 1: R3. 
Brewer, C.E., and R.C. Brown. 2012. Biochar. p. 357–384. In Sayigh, A. (ed.), Comprehensive 
Renewable Energy. Elsevier, Oxford. 
Briggs, C., J.M. Breiner, and R.C. Graham. 2012. Physical and chemical properties of Pinus 
ponderosa charcoal: Implications for soil modification. Soil Sci. 177(4): 263–268. 
Brockhoff, S.R., N.E. Christians, R.J. Killorn, R. Horton, and D.D. Davis. 2010. Physical and 
mineral-nutrition properties of sand-based turfgrass root zones amended with biochar. 
Agron. J. 102(6): 1627–1631. 
Bruce, K.D., W.D. Hiorns, J.L. Hobman, A.M. Osborn, P. Strike, and D.A. Ritchie. 1992. 
Amplification of DNA from native populations of soil bacteria by using the polymerase 
chain reaction. Appl Env. Microbiol 58(10): 3413–3416. 
Bushnaf, K.M., S. Puricelli, S. Saponaro, and D. Werner. 2011. Effect of biochar on the fate of 
volatile petroleum hydrocarbons in an aerobic sandy soil. J. Contam. Hydrol. 126(3–4): 
208–215. 
Cantrell, K.B., P.G. Hunt, M. Uchimiya, J.M. Novak, and K.S. Ro. 2012. Impact of pyrolysis 
temperature and manure source on physicochemical characteristics of biochar. Bioresour. 
Technol. 107: 419–428. 
Cao, Y., B. Yang, Z. Song, H. Wang, F. He, and X. Han. 2016. Wheat straw biochar 
amendments on the removal of polycyclic aromatic hydrocarbons (PAHs) in contaminated 
soil. Ecotoxicol. Environ. Saf. 130: 248–255. 
Caporaso, J.G., K. Bittinger, F.D. Bushman, T.Z. Desantis, G.L. Andersen, and R. Knight. 2010. 
PyNAST: A flexible tool for aligning sequences to a template alignment. Bioinformatics 
26(2): 266–267. 
CCME. 2008. Reference method for the Canada-wide standard for petroleum hydrocarbons in 
soil - Tier I method. Winnipeg, Manitoba. 
109 
Cerniglia, C.E. 1992. Biodegradation of polycyclic aromatic hydrocarbons. Biodegradation 3: 
351–368. 
Cetin, E., B. Moghtaderi, R. Gupta, and T.F. Wall. 2004. Influence of pyrolysis conditions on the 
structure and gasification reactivity of biomass chars. Fuel 83(16): 2139–2150. 
Chaineau, C.H., G. Rougeux, C. Yéprémian, and J. Oudot. 2005. Effects of nutrient 
concentration on the biodegradation of crude oil and associated microbial populations in the 
soil. Soil Biol. Biochem. 37(8): 1490–1497. 
Chan, K.Y., and Z. Xu. 2009. Biochar: Nutrient properties and their enhancement. p. 67–85. In
Lehmann, J., Joseph, S. (eds.), Biochar for Environmental Management: Science and 
Technology. Earthscan, London. 
Chan, K.Y., L. Van Zwieten, I. Meszaros, A. Downie, and S. Joseph. 2007. Agronomic values of 
greenwaste biochar as a soil amendment. Aust. J. Soil Res. 45(8): 629–634. 
Chan, K.Y., L. Van Zwieten, I. Meszaros, A. Downie, and S. Joseph. 2008. Using poultry litter 
biochars as soil amendments. Aust. J. Soil Res. 46(5): 437–444. 
Chang, W., M. Dyen, L. Spagnuolo, P. Simon, L. Whyte, and S. Ghoshal. 2010. Biodegradation 
of semi- and non-volatile petroleum hydrocarbons in aged, contaminated soils from a sub-
Arctic site: Laboratory pilot-scale experiments at site temperatures. Chemosphere 80(3): 
319–326. 
Chang, W., S. Klemm, C. Beaulieu, J. Hawari, L. Whyte, and S. Ghoshal. 2011. Petroleum 
hydrocarbon biodegradation under seasonal freeze-thaw soil temperature regimes in 
contaminated soils from a sub-arctic site. Environ. Sci. Technol. 45(3): 1061–1066. 
Chen, J., X. Liu, J. Zheng, B. Zhang, H. Lu, Z. Chi, G. Pan, L. Li, J. Zheng, X. Zhang, J. Wang, 
and X. Yu. 2013. Biochar soil amendment increased bacterial but decreased fungal gene 
abundance with shifts in community structure in a slightly acid rice paddy from Southwest 
China. Appl. Soil Ecol. 71: 33–44. 
Cheng, C.H., J. Lehmann, J.E. Thies, S.D. Burton, and M.H. Engelhard. 2006. Oxidation of 
black carbon by biotic and abiotic processes. Org. Geochem. 37(11): 1477–1488. 
Cho, Y.M., D. Werner, Y. Choi, and R.G. Luthy. 2012. Long-term monitoring and modeling of 
the mass transfer of polychlorinated biphenyls in sediment following pilot-scale in-situ 
amendment with activated carbon. J. Contam. Hydrol. 129–130: 25–37. 
Cornelissen, G., V. Martinsen, V. Shitumbanuma, V. Alling, G. Breedveld, D. Rutherford, M. 
Sparrevik, S. Hale, A. Obia, and J. Mulder. 2013. Biochar effect on maize yield and soil 
characteristics in five conservation farming sites in Zambia. Agronomy 3(2): 256–274. 
Coulon, F., E. Pelletier, L. Gourhant, and D. Delille. 2005. Effects of nutrient and temperature on 
degradation of petroleum hydrocarbons in contaminated sub-Antarctic soil. Chemosphere 
58(10): 1439–1448. 
110 
Dahllof, I., H. Baillie, and S. Kjelleberg. 2000. rpoB-based microbial community analysis avoids 
limitations inherent in 16S rRNA gene intraspecies heterogeneity. Appl. Environ. 
Microbiol. 66(8): 3376–3380. 
Das, S.K.,  a K. Mishra, B.J. Tindall, F. a Rainey, and E. Stackebrandt. 1996. Oxidation of 
thiosulfate by a new bacterium, Bosea thiooxidans (strain BI-42) gen. nov., sp. nov.: 
analysis of phylogeny based on chemotaxonomy and 16S ribosomal DNA sequencing. Int. 
J. Syst. Bacteriol. 46(4): 981–987. 
Dash, J.G., H. Fu, and J.S. Wettlaufer. 1999. The premelting of ice and its environmental 
consequences. Reports Prog. Phys. 58(1): 115–167. 
Dechene, A., I. Rosendahl, V. Laabs, and W. Amelung. 2014. Sorption of polar herbicides and 
herbicide metabolites by biochar-amended soil. Chemosphere 109: 180–186. 
DeForest, J.L., and L.G. Scott. 2010. Available organic soil phosphorus has an important 
influence on microbial community composition. Soil Sci. Soc. Am. J. 74(6): 2059–2066. 
Delille, D., A. Duval, and E. Pelletier. 2008. Highly efficient pilot biopiles for on-site 
fertilization treatment of diesel oil-contaminated sub-Antarctic soil. Cold Reg. Sci. Technol. 
54(1): 7–18. 
Delille, D., and E. Pelletier. 2002. Natural attenuation of diesel-oil contamination in a 
subantarctic soil (Crozet Island). Polar Biol. 25(9): 682–687. 
DeLuca, T.H., M.J. Gundale, M.D. Mackenzie, and D.L. Jones. 2015. Biochar effects on soil 
nutrient transformations. p. 421–454. In Lehmann, J., Joseph, S. (eds.), Biochar for 
Environmental Management: Science, Technology and Implementation. Routledge, 
London. 
DeLuca, T.H., M.D. MacKenzie, and M.J. Gundale. 2009. Biochar effects on soil nutrient 
transformations. p. 251–270. In Lehmann, J., Joseph, S. (eds.), Biochar for Environmental 
Management: Science and Technology. Earthscan, London. 
Deming, J.W. 2002. Psychrophiles and polar regions. Curr. Opin. Microbiol. 5(3): 301–309. 
Dias, R.L., L. Ruberto, A. Calabro, A. Lo Balbo, M.T. Del Panno, and W.P. Mac Cormack. 
2015. Hydrocarbon removal and bacterial community structure in on-site biostimulated 
biopile systems designed for bioremediation of diesel-contaminated Antarctic soil. Polar 
Biol. 38(5): 677–687. 
Díaz, E., J.I. Jiménez, and J. Nogales. 2013. Aerobic degradation of aromatic compounds. Curr. 
Opin. Biotechnol. 24(3): 431–442. 
Dil, M., M. Oelbermann, and W. Xue. 2014. An evaluation of biochar pre-conditioned with urea 
ammonium nitrate on maize (Zea mays L.) production and soil biochemical characteristics. 
Can. J. Soil Sci. 94(4): 551–562. 
111 
Downie, A., A. Crosky, and P. Munroe. 2009. Physical properties of biochar. p. 13–32. In
Lehmann, J., Joseph, S. (eds.), Biochar for Environmental Management: Science and 
Technology. Earthscan, London. 
Ducey, T.F., J.A. Ippolito, K.B. Cantrell, J.M. Novak, and R.D. Lentz. 2013. Addition of 
activated switchgrass biochar to an aridic subsoil increases microbial nitrogen cycling gene 
abundances. Appl. Soil Ecol. 65: 65–72. 
Durenkamp, M., Y. Luo, and P.C. Brookes. 2010. Impact of black carbon addition to soil on the 
determination of soil microbial biomass by fumigation extraction. Soil Biol. Biochem. 
42(11): 2026–2029. 
Edenborn, S.L., H.M. Edenborn, R.M. Krynock, and K.L.Z. Haug. 2015. Influence of biochar 
application methods on the phytostabilization ofa hydrophobic soil contaminated with lead 
and acid tar. J. Environ. Manage. 150: 226–234. 
Eriksson, M., E. Sodersten, Z. Yu, G. Dalhammar, and W.W. Mohn. 2003. Degradation of 
polycyclic aromatic hydrocarbons at low temperature under aerobic and nitrate-reducing 
conditions in enrichment cultures from northern soils. Appl. Environ. Microbiol. 69(1): 
275–284. 
Fellet, G., L. Marchiol, G. Delle Vedove, and A. Peressotti. 2011. Application of biochar on 
mine tailings: Effects and perspectives for land reclamation. Chemosphere 83(9): 1262–
1267. 
Ferguson, S.H., P.D. Franzmann, A.T. Revill, I. Snape, and J.L. Rayner. 2003. The effects of 
nitrogen and water on mineralisation of hydrocarbons in diesel-contaminated terrestrial 
Antarctic soils. Cold Reg. Sci. Technol. 37(2): 197–212. 
Ferguson, S.H., A.Z. Woinarski, I. Snape, C.E. Morris, and A.T. Revill. 2004. A field trial of in 
situ chemical oxidation to remediate long-term diesel contaminated Antarctic soil. Cold 
Reg. Sci. Technol. 40(1–2): 47–60. 
Filler, D.M., C.M. Reynolds, I. Snape, A.J. Daugulis, D.L. Barnes, and P.J. Williams. 2006. 
Advances in engineered remediation for use in the Arctic and Antarctica. Polar Rec. 42(2): 
111–120. 
Filler, D.M., D.R. Stempvoort, and M.B. Leigh. 2009. Remediation of frozen ground 
contaminated with petroleum hydrocarbons: Feasibility and limits. Permafr. Soils 16(19): 
279–301. 
Fuchs, G., M. Boll, and J. Heider. 2011. Microbial degradation of aromatic compounds- From 
one strategy to four. Nat. Rev. Microbiol. 9(11): 803–816. 
Gaskin, J.W., R.A. Speir, K. Harris, K.C. Das, R.D. Lee, L.A. Morris, and D.S. Fisher. 2010. 
Effect of peanut hull and pine chip biochar on soil nutrients, corn nutrient status, and yield. 
Agron. J. 102(2): 623–633. 
112 
Gathorne-Hardy, A., J. Knight, and J. Woods. 2008. Surface application of biochar to pasture – 
changes in yield, diversity, forage quality, and its incorporation into the soil. p. September 
8-10 2008. 2nd Annual Meeting of the International Biochar Initiative (IBI). Newcastle, 
UK. 
Genesio, L., F. Miglietta, E. Lugato, S. Baronti, M. Pieri, and F.P. Vaccari. 2012. Surface albedo 
following biochar application in durum wheat. Environ. Res. Lett. 1623(7): 139–149. 
Germano, M.G., F. de Souza Cannavan, L.W. Mendes, A.B. Lima, W.G. Teixeira, V.H. 
Pellizari, and S.M. Tsai. 2012. Functional diversity of bacterial genes associated with 
aromatic hydrocarbon degradation in anthropogenic dark earth of Amazonia. Pesqui. 
Agropecuária Bras. 47(5): 654–664. 
Ghoreishi, G., A. Alemzadeh, M. Mojarrad, and M. Djavaheri. 2017. Bioremediation capability 
and characterization of bacteria isolated from petroleum contaminated soils in Iran. Sustain. 
Environ. Res. 27(4): 195–202. 
Głab, T., J. Palmowska, T. Zaleski, and K. Gondek. 2016. Effect of biochar application on soil 
hydrological properties and physical quality of sandy soil. Geoderma 281: 11–20. 
Glaser, B., J. Lehmann, and W. Zech. 2002. Ameliorating physical and chemical properties of 
highly weathered soils in the tropics with charcoal - A review. Biol. Fertil. Soils 35(4): 219–
230. 
Gong, Y., Q. Cao, and Z. Sun. 2003. The effects of soil bulk density, clay content and 
temperature on soil water content measurement using time-domain reflectometry. Hydrol. 
Process. 17(18): 3601–6314. 
Gonin, M., E.M. Quardokus, D. O’Donnol, J. Maddock, and Y. V. Brun. 2000. Regulation of 
stalk elongation by phosphate in Caulobacter crescentus. J. Bacteriol. 182(2): 337–347. 
Gruiz, K., and É. Kriston. 1995. In-situ bioremediation of hydrocarbon in soil. J. Soil Contam. 
4(2): 163–173. 
Gul, S., and J.K. Whalen. 2016. Biochemical cycling of nitrogen and phosphorus in biochar-
amended soils. Soil Biol. Biochem. 103: 1–15. 
Gul, S., J.K. Whalen, B.W. Thomas, V. Sachdeva, and H. Deng. 2015. Physico-chemical 
properties and microbial responses in biochar-amended soils: Mechanisms and future 
directions. Agric. Ecosyst. Environ. 206: 46–59. 
Hagemann, N., C.I. Kammann, H.P. Schmidt, A. Kappler, and S. Behrens. 2017. Nitrate capture 
and slow release in biochar amended compost and soil. PLoS One 12(2): e0171214 
doi:10.1371/journal.pone.0171214. 
Haider, G., D. Steffens, C. Müller, and C.I. Kammann. 2016. Standard extraction methods may 
underestimate nitrate stocks captured by field-aged biochar. J. Environ. Qual. 45(4): 1196–
1204. 
113 
Haines, J.R., B.A. Wrenn, E.L. Holder, and K.L. Strohmeier. 1996. Measurement of 
hydrocarbon-degrading microbial populations by a 96-well plate most-probable-number 
procedure. J. Ind. Microbiol. 16(1): 36–41. 
Hale, S.E., G. Cornelissen, and D. Werner. 2015. Sorption and remediation of organic 
compounds in soils and sediments by (activated) biochar. p. 625–654. In Lehmann, J., 
Joseph, S. (eds.), Biochar for Environmental Management: Science, Technology and 
Implementation. Routledge, London. 
Hale, S.E., M. Elmquist, R. Brändli, T. Hartnik, L. Jakob, T. Henriksen, D. Werner, and G. 
Cornelissen. 2012. Activated carbon amendment to sequester PAHs in contaminated soil: A 
lysimeter field trial. Chemosphere 87(2): 177–184. 
Van Hamme, J.D., A. Singh, and O.P. Ward. 2003. Recent advances in petroleum microbiology. 
Microbiol. Mol. Biol. Rev. 67(4): 503–49. 
Han, G., J. Lan, Q. Chen, C. Yu, and S. Bie. 2017. Response of soil microbial community to 
application of biochar in cotton soils with different continuous cropping years. Sci. Rep. 
7(1): 10184 doi: 10.1038/s41598-017-10427-6. 
Hanrahan, G., T.M. Salmassi, C.S. Khachikian, and K.L. Foster. 2005. Reduced inorganic 
phosphorus in the natural environment: Significance, speciation and determination. Talanta 
66(2): 435–444. 
Harvey, A.N., I. Snape, and S.D. Siciliano. 2012. Changes in liquid water alter nutrient 
bioavailability and gas diffusion in frozen antarctic soils contaminated with petroleum 
hydrocarbons. Environ. Toxicol. Chem. 31(2): 395–401. 
Hinsinger, P. 2001. Bioavailability of soil inorganic P in the rhizosphere as affected by root-
induced chemical changes: A review. Plant Soil 237(2): 173–195. 
Hoover, R.B., and E.V. Pikuta. 2010. Psychrophillic and Psychrotolerant Microbial 
Extremophiles in Polar Environments. p. 115–149. In Bej, A.K., Aislabie, J.M., Atlas, R.M. 
(eds.), Polar Microbiology: The Ecology, Biodiversity and Bioremediation Potential of 
Microorganisms in Extremely Cold Environments. CRC Press, Boca Raton. 
Husk, B., and J. Major. 2010. Commercial scale agricultural biochar field trial in Québec, 
Canada over two years: effects of biochar on soil fertility, biology and crop productivity and 
quality. Available at http://www.researchgate.net/publication/237079745_Commercial_ 
scale_agricultural_biochar. 
Husk, B., and J. Major. 2011. Biochar commercial agriculture field trial in Québec, Canada – 
year three: Effects of biochar on forage plant biomass quantity, quality and milk production. 
Available at http://www.blueleaf.ca/main-en/fi les/BlueLeafBiocharForageFieldTrial-
Year3Report.pdf. 
Ippolito, J.A., T.F. Ducey, K.B. Cantrell, J.M. Novak, and R.D. Lentz. 2016. Designer, acidic 
biochar influences calcareous soil characteristics. Chemosphere 142: 184–191. 
114 
Jaafar, N., P. Clode, and L. Abbott. 2015. Soil microbial responses to biochars varying in particle 
size, surface and pore properties. Pedosphere 25(5): 770–780. 
Jarvis, B., C. Wilrich, and P.T. Wilrich. 2010. Reconsideration of the derivation of Most 
Probable Numbers, their standard deviations, confidence bounds and rarity values. J. Appl. 
Microbiol. 109(5): 1660–1667. 
Jiang, J., S. Guo, Y. Zhang, Q. Liu, R. Wang, Z. Wang, N. Li, and R. Li. 2015. Changes in 
temperature sensitivity of soil respiration in the phases of a three-year crop rotation system. 
Soil Tillage Res. 150: 139–146. 
Jiao, S., W. Chen, E. Wang, J. Wang, Z. Liu, Y. Li, and G. Wei. 2016. Microbial succession in 
response to pollutants in batch-enrichment culture. Sci. Rep. 6: 21791 
doi:10.1038/srep21791. 
Johnsen, A.R., and U. Karlson. 2005. PAH degradation capacity of soil microbial communities - 
Does it depend on PAH exposure? Microb. Ecol. 50(4): 488–495. 
Jones, D.L., G. Edwards-Jones, and D. V. Murphy. 2011a. Biochar mediated alterations in 
herbicide breakdown and leaching in soil. Soil Biol. Biochem. 43(4): 804–813. 
Jones, D.L., D. V. Murphy, M. Khalid, W. Ahmad, G. Edwards-Jones, and T.H. DeLuca. 2011b. 
Short-term biochar-induced increase in soil CO2 release is both biotically and abiotically 
mediated. Soil Biol. Biochem. 43(8): 1723–1731. 
Jones, D.L., J. Rousk, G. Edwards-Jones, T.H. DeLuca, and D. V. Murphy. 2012. Biochar-
mediated changes in soil quality and plant growth in a three year field trial. Soil Biol. 
Biochem. 45: 113–124. 
Kaake, R.H., D.J. Roberts, T.O. Stevens, R.L. Crawford, and D.L. Crawford. 1992. 
Bioremediation of soils contaminated with the herbicide 2-sec-butyl-4,6-dinitrophenol 
(dinoseb). Appl. Environ. Microbiol. 58(5): 1683–1689. 
Kammann, C.I., H.-P. Schmidt, N. Messerschmidt, S. Linsel, D. Steffens, C. Müller, H.-W. 
Koyro, P. Conte, and S. Joseph. 2015. Plant growth improvement mediated by nitrate 
capture in co-composted biochar. Sci. Rep. 5(1): 11080 doi: 10.1038/srep11080. 
Kanekar, P.P., S.S. Sarnaik, and  a S. Kelkar. 1998. Bioremediation of phenol by alkaliphilic 
bacteria isolated from alkaline lake of Lonar, India. J. Appl. Microbiol. 85: 128S–133S. 
Kang, C.H., Y.J. Kwon, and J.S. So. 2016. Bioremediation of heavy metals by using bacterial 
mixtures. Ecol. Eng. 89: 64–69. 
Karer, J., B. Wimmer, F. Zehetner, S. Kloss, and G. Soja. 2013. Biochar application to temperate 
soils: Effects on nutrient uptake and crop yield under field conditions. Agric. Food Sci. 
22(4): 390–403. 
115 
Karhu, K., T. Mattila, I. Bergström, and K. Regina. 2011. Biochar addition to agricultural soil 
increased CH4 uptake and water holding capacity - Results from a short-term pilot field 
study. Agric. Ecosyst. Environ. 140(1–2): 309–313. 
Karppinen, E.M., S.D. Siciliano, and K.J. Stewart. 2017a. Application method and biochar type 
affect petroleum hydrocarbon degradation in northern landfarms. J. Environ. Qual. 46: 751–
759. 
Karppinen, E.M., K.J. Stewart, R.E. Farrell, and S.D. Siciliano. 2017b. Petroleum hydrocarbon 
remediation in frozen soil using a meat and bonemeal biochar plus fertilizer. Chemosphere 
173: 330–339. 
Khan, F.I., T. Husain, and R. Hejazi. 2004. An overview and analysis of site remediation 
technologies. J. Environ. Manage. 71(2): 95–122. 
King, M.M., N.E. Kinner, D.P. Deming, J.A. Simonton, and L.M. Belden. 2014. Bioventing of 
No. 2 fuel oil: Effects of air flowrate, temperature, nutrient amendment, and acclimation. 
Remediation 24(2): 47–60. 
Kinney, T.J., C.A. Masiello, B. Dugan, W.C. Hockaday, M.R. Dean, K. Zygourakis, and R.T. 
Barnes. 2012. Hydrologic properties of biochars produced at different temperatures. 
Biomass and Bioenergy 41: 34–43. 
Kogbara, R.B., J.M. Ayotamuno, D.C. Worlu, and I. Fubara-Manuel. 2015. A case study of 
petroleum degradation in different soil textural classes. Recent Pat. Biotechnol. 9(2): 1–15. 
Kolton, M., Y.M. Harel, Z. Pasternak, E.R. Graber, Y. Elad, and E. Cytryn. 2011. Impact of 
biochar application to soil on the root-associated bacterial community structure of fully 
developed greenhouse pepper plants. Appl. Environ. Microbiol. 77(14): 4924–4930. 
Koltowski, M., I. Hilber, T.D. Bucheli, and P. Oleszczuk. 2016. Effect of activated carbon and 
biochars on the bioavailability of polycyclic aromatic hydrocarbons in different industrially 
contaminated soils. Environ. Sci. Pollut. Res. 23(11): 11058–11068. 
Kuzyakov, Y., I. Subbotina, H. Chen, I. Bogomolova, and X. Xu. 2009. Black carbon 
decomposition and incorporation into soil microbial biomass estimated by 14C labeling. Soil 
Biol. Biochem. 41(2): 210–219. 
Labud, V., C. Garcia, and T. Hernandez. 2007. Effect of hydrocarbon pollution on the microbial 
properties of a sandy and a clay soil. Chemosphere 66(10): 1863–1871. 
Lahti, M., P.J. Aphalo, L. Finér,  a Ryyppö, T. Lehto, and H. Mannerkoski. 2005. Effects of soil 
temperature on shoot and root growth and nutrient uptake of 5-year-old Norway spruce 
seedlings. Tree Physiol. 25(1): 115–122. 
Laird, D., P. Fleming, B. Wang, R. Horton, and D. Karlen. 2010. Biochar impact on nutrient 
leaching from a Midwestern agricultural soil. Geoderma 158(3–4): 436–442. 
116 
Lamb, E.G., T. Winsley, C.L. Piper, S.A. Freidrich, and S.D. Siciliano. 2016. A high-throughput 
belowground plant diversity assay using next-generation sequencing of the trnL intron. 
Plant Soil 404(1–2): 361–372. 
Law, G.T.W., A. Geissler, J.R. Lloyd, F.R. Livens, C. Boothman, J.D.C. Begg, M.A. Denecke, J. 
Rothe, K. Dardenne, I.T. Burke, J.M. Charnock, and K. Morris. 2010. Geomicrobiological 
redox cycling of the transuranic element neptunium. Environ. Sci. Technol. 44(23): 8924–
8929. 
Leahy, J.G., and R.R. Colwell. 1990. Microbial degradation of hydrocarbons in the environment. 
Microbiol. Rev. 54(3): 305–315. 
Lehmann, J. 2007. Bio-energy in the black. Front. Ecol. Environ. 5(7): 381–387. 
Lehmann, J., J. Gaunt, and M. Rondon. 2006. Bio-char sequestration in terrestrial ecosystems - A 
review. Mitig. Adapt. Strateg. Glob. Chang. 11(2): 403–427. 
Lehmann, J., M.C. Rillig, J. Thies, C.A. Masiello, W.C. Hockaday, and D. Crowley. 2011. 
Biochar effects on soil biota - A review. Soil Biol. Biochem. 43(9): 1812–1836. 
Lehmann, J., J.P. Da Silva, C. Steiner, T. Nehls, W. Zech, and B. Glaser. 2003. Nutrient 
availability and leaching in an archaeological Anthrosol and a Ferralsol of the Central 
Amazon basin: Fertilizer, manure and charcoal amendments. Plant Soil 249(2): 343–357. 
Liang, B., J. Lehmann, D. Solomon, J. Kinyangi, J. Grossman, B. O’Neill, J.O. Skjemstad, J. 
Thies, F.J. Luizão, J. Petersen, and E.G. Neves. 2006. Black carbon increases cation 
exchange capacity in soils. Soil Sci. Soc. Am. J. 70(5): 1719. 
Liang, Y., H. Zhao, Y. Deng, J. Zhou, G. Li, and B. Sun. 2016. Long-term oil contamination 
alters the molecular ecological networks of soil microbial functional genes. Front. 
Microbiol. 7(60): 1–13. 
Liao, N., Q. Li, W. Zhang, G. Zhou, L. Ma, W. Min, J. Ye, and Z. Hou. 2016. Effects of biochar 
on soil microbial community composition and activity in drip-irrigated desert soil. Eur. J. 
Soil Biol. 72: 27–34. 
Lim, M.W., E. Von Lau, and P.E. Poh. 2016. A comprehensive guide of remediation 
technologies for oil contaminated soil — Present works and future directions. Mar. Pollut. 
Bull. 109(1): 14–45. 
Liu, L., P. Chen, M. Sun, G. Shen, and G. Shang. 2014. Effect of biochar amendment on PAH 
dissipation and indigenous degradation bacteria in contaminated soil. J. Soils Sediments 
15(2): 313–322. 
Liu, S.-H., G.-M. Zeng, Q.-Y. Niu, Y. Liu, L. Zhou, L.-H. Jiang, X. Tan, P. Xu, C. Zhang, and 
M. Cheng. 2017. Bioremediation mechanisms of combined pollution of PAHs and heavy 
metals by bacteria and fungi: A mini review. Bioresour. Technol. 224: 25–33. 
117 
Liu, X.H., and X.C. Zhang. 2012. Effect of biochar on ph of alkaline soils in the Loess Plateau: 
Results from incubation experiments. Int. J. Agric. Biol. 14(5): 745–750. 
Love, M.I., W. Huber, and S. Anders. 2014. Moderated estimation of fold change and dispersion 
for RNA-seq data with DESeq2. Genome Biol. 15(12): 550 doi: 10.1186/s13059-014-0550-
8. 
Luz, A.P., V.H. Pellizari, L.G. Whyte, and C.W. Greer. 2004. A survey of indigenous microbial 
hydrocarbon degradation genes in soils from Antarctica and Brazil. Can. J. Microbiol. 
50(5): 323–333. 
Lyu, H., Y. He, J. Tang, M. Hecker, Q. Liu, P.D. Jones, G. Codling, and J.P. Giesy. 2016. Effect 
of pyrolysis temperature on potential toxicity of biochar if applied to the environment. 
Environ. Pollut. 218: 1–7. 
MacCormack, W.P., and E.R. Fraile. 1997. Characterization of a hydrocarbon degrading 
psychrotrophic Antarctic bacterium. Antarct. Sci. 9(2): 150–155. 
MacKinnon, G., and H.J. Duncan. 2013. Phytotoxicity of branched cyclohexanes found in the 
volatile fraction of diesel fuel on germination of selected grass species. Chemosphere 90(3): 
952–957. 
Major, J. 2010. Guidelines on practical aspects of biochar application to field soil in various soil 
management systems. Available at www.biochar-international.org/sites/default/files/ 
IBI%20Biochar%20Application%20Guidelines_web.pdf. 
Major, D.W., M.L. McMaster, E.E. Cox, E.A. Edwards, S.M. Dworatzek, E.R. Hendrickson, 
M.G. Starr, J.A. Payne, and L.W. Buonamici. 2002. Field demonstration of successful 
bioaugmentation to achieve dechlorination of tetrachloroethene to ethene. Environ. Sci. 
Technol. 36(23): 5106–5116. 
Major, J., M. Rondon, D. Molina, S.J. Riha, and J. Lehmann. 2010. Maize yield and nutrition 
during 4 years after biochar application to a Colombian savanna oxisol. Plant Soil 333(1): 
117–128. 
Malina, G., J.T.C. Grotennuis, and W.H. Rulkens. 2002. Vapor extraction/bioventing sequential 
treatment of soil contaminated with volatile and semivolatile hydrocarbon mixtures. 
Bioremediat. J. 6(2): 159–176. 
Marchand, C., W. Hogland, F. Kaczala, Y. Jani, L. Marchand, A. Augustsson, and M. Hijri. 
2016. Effect of Medicago sativa L. and compost on organic and inorganic pollutant removal 
from a mixed contaminated soil and risk assessment using ecotoxicological tests. Int. J. 
Phytoremediation 18(11): 1136–1147. 
Margesin, R. 2000. Potential of cold-adapted microorganisms for bioremediation of oil-polluted 
Alpine soils. Int. Biodeterior. Biodegrad. 46(1): 3–10. 
118 
Margesin, R., D. Labbé, F. Schinner, C.W. Greer, and L.G. Whyte. 2003. Characterization of 
hydrocarbon-degrading microbial populations in contaminated and pristine Alpine soils. 
Appl. Environ. Microbiol. 69(6): 3085–3092. 
Margesin, R., and F. Schinner. 1997. Effect of temperature on oil degradation by a 
psychrotrophic yeast in liquid culture and in soil. FEMS Microbiol. Ecol. 24(3): 243–249. 
Margesin, R., and F. Schinner. 1999. Biological decontamination of oil spills in cold 
environments. J. Chem. Technol. Biotechnol. 74(5): 381–389. 
Masiello, C.A., B. Dugan, C.E. Brewer, K.A. Spokas, J.M. Novak, Z. Liu, and G. Sorrenti. 2015. 
Biochar effects on soil hydrology. p. 543–562. In Lehmann, J., Joseph, S. (eds.), Biochar for 
Environmental Management: Science, Technology and Implementation. Routledge, 
London. 
Mazzon, R.R., E.A.S. Lang, V.S. Braz, and M. V. Marques. 2008. Characterization of 
Caulobacter crescentus response to low temperature and identification of genes involved in 
freezing resistance. FEMS Microbiol. Lett. 288(2): 178–185. 
McCarthy, K., L. Walker, L. Vigoren, and J. Bartel. 2004. Remediation of spilled petroleum 
hydrocarbons by in situ landfarming at an arctic site. Cold Reg. Sci. Technol. 40(1–2): 31–
39. 
McDonald, R., and O.G.G. Knox. 2014. Cold region bioremediation of hydrocarbon 
contaminated soils: Do we know enough? Environ. Sci. Technol. 48(17): 9980–9981. 
Mcintyre, C.P., P.M.A. Harvey, S.H. Ferguson, A.M. Wressnig, H. Volk, S.C. George, and I. 
Snape. 2007. Determining the extent of biodegradation of fuels using the diastereomers of 
acyclic isoprenoids. Environ. Sci. Technol. 41(7): 2452–2458. 
McLaughlin, H., P.S. Anderson, F.E. Shields, and T.B. Reed. 2009. All biochars are not created 
equal and how to tell them apart. North Am. Biochar 2: 1–36. 
McNamara, N.P., H.I.J. Black, N.A. Beresford, and N.R. Parekh. 2003. Effects of acute gamma 
irradiation on chemical, physical and biological properties of soils. Appl. Soil Ecol. 24(2): 
117–132. 
McWatters, R.S., D. Wilkins, T. Spedding, G. Hince, B. Raymond, G. Lagerewskij, D. Terry, L. 
Wise, and I. Snape. 2016. On site remediation of a fuel spill and soil reuse in Antarctica. 
Sci. Total Environ. 571: 963–973. 
Menendez-Vega, D., J.L.R. Gallego, A.I. Pelaez, G. Fernandez de Cordoba, J. Moreno, D. 
Muñoz, and J. Sanchez. 2007. Engineered in situ bioremediation of soil and groundwater 
polluted with weathered hydrocarbons. Eur. J. Soil Biol. 43(5–6): 310–321. 
Meyer, S., R.M. Bright, D. Fischer, H. Schulz, and B. Glaser. 2012. Albedo impact on the 
suitability of biochar systems to mitigate global warming. Environ. Sci. Technol. 46(22): 
12726–12734. 
119 
Meynet, P., S.E. Hale, R.J. Davenport, G. Cornelissen, G.D. Breedveld, and D. Werner. 2012. 
Effect of activated carbon amendment on bacterial community structure and functions in a 
PAH impacted urban soil. Environ. Sci. Technol. 46(9): 5057–5066. 
Mitchell, A., F. Bucchini, G. Cochrane, H. Denise, P. Ten Hoopen, M. Fraser, S. Pesseat, S. 
Potter, M. Scheremetjew, P. Sterk, and R.D. Finn. 2016. EBI metagenomics in 2016 - An 
expanding and evolving resource for the analysis and archiving of metagenomic data. 
Nucleic Acids Res. 44(D1): D595–D603. 
Mohn, W.W., and G.R. Stewart. 2000. Limiting factors for hydrocarbon biodegradation at low 
temperature in Arctic soils. Soil Biol. Biochem. 32(8–9): 1161–1172. 
Mouat, M.C.H., and P. Nes. 1985. Soil water content affects the availability of phosphate. Proc. 
New Zeal. Grassl. Assoc. 46: 185–189. 
Nartey, O.D., and B. Zhao. 2014. Biochar preparation, characterization, and adsorptive capacity 
and its effect on bioavailability of contaminants: An overview. Adv. Mater. Sci. Eng. 2014: 
1–12. 
Newell, C.J., H.S. Rifai, J.T. Wilson, J.A. Connor, J.A. Aziz, and M.P. Suarez. 2002. Calculation 
and use of first-order rate constants for monitored natural attenuation studies. Environ. Prot. 
Agency. 
Nierman, W.C., T. V Feldblyum, M.T. Laub, I.T. Paulsen, K.E. Nelson, J.A. Eisen, J.F. 
Heidelberg, M.R. Alley, N. Ohta, J.R. Maddock, I. Potocka, W.C. Nelson, A. Newton, C. 
Stephens, N.D. Phadke, B. Ely, R.T. DeBoy, R.J. Dodson, A.S. Durkin, M.L. Gwinn, D.H. 
Haft, J.F. Kolonay, J. Smit, M.B. Craven, H. Khouri, J. Shetty, K. Berry, T. Utterback, K. 
Tran, A. Wolf, J. Vamathevan, M. Ermolaeva, O. White, S.L. Salzberg, J.C. Venter, L. 
Shapiro, and C.M. Fraser. 2001. Complete genome sequence of Caulobacter crescentus. 
Proc. Natl. Acad. Sci. 98(7): 4136–4141. 
Novak, J.M., I. Lima, B. Xing, J.W. Gaskin, C. Steiner, K.C. Das, M. Ahmedna, D. Rehrah, 
D.W. Watts, W.J. Busscher, and H. Schomberg. 2009. Characterization of designer 
produced at different temperatures and their effects on a loamy sand. Ann. Environ. Sci. 3: 
195–206. 
Novak, J.M., and D.W. Watts. 2013. Augmenting soil water storage using uncharred switchgrass 
and pyrolyzed biochars. Soil Use Manag. 29(1): 98–104. 
O’Brien, P.L., T.M. DeSutter, F.X.M. Casey, and A.F. Wick. 2017. Evaluation of soil function 
following remediation of petroleum hydrocarbons—A review of current remediation 
techniques. Curr Pollut. Rep 3(3): 192–205. 
Obayori, O.S., and L.B. Salam. 2010. Degradation of polycyclic aromatic hydrocarbons: Role of 
plasmids. Sci. Res. Essays Spec. Rev. 5(25): 4093–4106. 
Ogbonnaya, U., A. Oyelami, J. Matthews, O. Adebisi, and K. Semple. 2014. Influence of wood 
biochar on phenanthrene catabolism in soils. Environments 1(1): 60–74. 
120 
Ogbonnaya, U., and K. Semple. 2013. Impact of biochar on organic contaminants in soil: A tool 
for mitigating risk? Agronomy 3(2): 349–375. 
Oguntunde, P.G., B.J. Abiodun, A.E. Ajayi, and N. Van De Giesen. 2008. Effects of charcoal 
production on soil physical properties in Ghana. J. Plant Nutr. Soil Sci. 171(4): 591–596. 
Oksanen, J., F.G. Blanchet, M. Friendly, R. Kindt, P. Legendre, D. McGlinn, P.R. Minchin, R.B. 
O’Hara, G.L. Simpson, P. Solymos, M.H.H. Stevens, E. Szoecs, and H. Wagner. 2017. 
vegan: Community ecology package. v.4.4-2. 
Omondi, M.O., X. Xia, A. Nahayo, X. Liu, P.K. Korai, and G. Pan. 2016. Quantification of 
biochar effects on soil hydrological properties using meta-analysis of literature data. 
Geoderma 274: 28–34. 
Ong, C.J., M.L.Y. Wong, and J. Smit. 1990. Attachment of the adhesive holdfast organelle to the 
cellular stalk of Caulobacter crescentus. J. Bacteriol. 172(3): 1448–1456. 
Ostroumov, V.E., and C. Siegert. 1996. Exobiological aspects of mass transfer in microzones of 
permafrost deposits. Adv. Sp. Res. 18(12): 79–86. 
Parvage, M.M., B. Ulén, J. Eriksson, J. Strock, and H. Kirchmann. 2013. Phosphorus availability 
in soils amended with wheat residue char. Biol. Fertil. Soils 49(2): 245–250. 
Paudyn, K., A. Rutter, R. Kerry Rowe, and J.S. Poland. 2008. Remediation of hydrocarbon 
contaminated soils in the Canadian Arctic by landfarming. Cold Reg. Sci. Technol. 53(1): 
102–114. 
Peng, X., L.L. Ye, C.H. Wang, H. Zhou, and B. Sun. 2011. Temperature- and duration-
dependent rice straw-derived biochar: Characteristics and its effects on soil properties of a 
Ultisol in southern China. Soil Tillage Res. 112(2): 159–166. 
Pérez-Pantoja, D., B. González, and D.H. Pieper. 2010. Aerobic degradation of aromatic 
hydrocarbons. p. 799–837. In Timmis, K.N., McGenity, T.J., van der Meer, J.R., de 
Lorenzo, V. (eds.), Handbook of Hydrocarbon and Lipid Microbiology. Springer-Verlag, 
Berlin. 
Phillips, L.A., J.J. Germida, R.E. Farrell, and C.W. Greer. 2008. Hydrocarbon degradation 
potential and activity of endophytic bacteria associated with prairie plants. Soil Biol. 
Biochem. 40(12): 3054–3064. 
Pietikainen, J., O. Kiikkila, and H. Fritze. 2000. Charcoal as a habitat for microbes and its effect 
on the microbial community of the underlying humus. Oikos 89(2): 231–242. 
Pietikäinen, J., M. Pettersson, and E. Bååth. 2005. Comparison of temperature effects on soil 
respiration and bacterial and fungal growth rates. FEMS Microbiol. Ecol. 52(1): 49–58. 
121 
Pinches, A., and L.J. Pallent. 1986. Rate and yield relationships in the production of xanthan 
gum by batch fermentations using complex and chemically defined growth media. 
Biotechnol. Bioeng. 28(10): 1484–1496. 
Powell, S.M., S.H. Ferguson, J.P. Bowman, and I. Snape. 2006a. Using real-time PCR to assess 
changes in the hydrocarbon-degrading microbial community in Antarctic soil during 
bioremediation. Microb. Ecol. 52(3): 523–532. 
Powell, S.M., S.H. Ferguson, I. Snape, and S.D. Siciliano. 2006b. Fertilization stimulates 
anaerobic fuel degradation of antarctic soils by denitrifying microorganisms. Environ. Sci. 
Technol. 40(6): 2011–2017. 
Prommer, J., W. Wanek, F. Hofhansl, D. Trojan, P. Offre, T. Urich, C. Schleper, S. Sassmann, B. 
Kitzler, G. Soja, and R.C. Hood-Nowotny. 2014. Biochar decelerates soil organic nitrogen 
cycling but stimulates soil nitrification in a temperate arable field trial. PLoS One 9: e86388 
doi: 10.1371/journal.pone.0086388. 
Purevsuren, B., B. Avid, J. Narangerel, T. Gerelmaa, and Y.A. Davaajav. 2004. Investigation on 
the pyrolysis products from animal bone. J. Mater. Sci. 39(2): 737–740. 
Qian, P., and J.J. Schoenau. 2002. Practical applications of ion exchange resins in agricultural 
and environmental soil research. Can. J. Soil Sci. 82(1): 9–21. 
Qian, P., J.J. Schoenau, and N. Ziadi. 2007. Ion Supply Rates Using Ion-Exchange Resins. p. 
135–140. In Carter, M.R., Gregorich, E.G. (eds.), Soil Sampling and Methods of Analysis. 
2nd ed. CRC Press, Boca Raton. 
Qiu, Y., H. Pang, Z. Zhou, P. Zhang, Y. Feng, and G.D. Sheng. 2009. Competitive 
biodegradation of dichlobenil and atrazine coexisting in soil amended with a char and 
citrate. Environ. Pollut. 157(11): 2964–2969. 
Quilliam, R.S., H.C. Glanville, S.C. Wade, and D.L. Jones. 2013a. Life in the “charosphere” - 
Does biochar in agricultural soil provide a significant habitat for microorganisms? Soil Biol. 
Biochem. 65: 287–293. 
Quilliam, R.S., S. Rangecroft, B.A. Emmett, T.H. Deluca, and D.L. Jones. 2013b. Is biochar a 
source or sink for polycyclic aromatic hydrocarbon (PAH) compounds in agricultural soils? 
GCB Bioenergy 5: 96–103. 
R Core Team. 2017. R: A Language and Environment for Statistical Computing. R Found. Stat. 
Comput. 
Raveendran, K., A. Ganesh, and K.C. Khilar. 1995. Influence of mineral matter on biomass 
pyrolysis characteristics. Fuel 74(12): 1812–1822. 
Rayner, J.L., I. Snape, J.L. Walworth, P.M. Harvey, and S.H. Ferguson. 2007. Petroleum-
hydrocarbon contamination and remediation by microbioventing at sub-Antarctic 
Macquarie Island. Cold Reg. Sci. Technol. 48(2): 139–153. 
122 
Reed, M.A., C.W. Lovell, A.G. Altschaeffl, and L.E. Wood. 1979. Frost-heaving rate predicted 
from pore-size distributions. Can. Geotechnol. J. 16: 463–472. 
Resnick, S., K. Lee, and D. Gibson. 1996. Diverse reactions catalyzed by naphthalene 
dioxygenase fromPseudomonas sp strain NCIB 9816. J. Ind. Microbiol. Biotechnol. 17: 
438–457. 
Rhodes, A.H., A. Carlin, and K.T. Semple. 2008. Impact of black carbon in the extraction and 
mineralization of phenanthrene in soil. Environ. Sci. Technol. 42(3): 740–745. 
Rhodes, A.H., L.E. McAllister, R. Chen, and K.T. Semple. 2010. Impact of activated charcoal on 
the mineralisation of 14C-phenanthrene in soils. Chemosphere 79(4): 463–469. 
Rike, A.G., K.B. Haugen, and B. Engene. 2005. In situ biodegradation of hydrocarbons in arctic 
soil at sub-zero temperatures - Field monitoring and theoretical simulation of the microbial 
activation temperature at a Spitsbergen contaminated site. Cold Reg. Sci. Technol. 41(3): 
189–209. 
Rike, A.G., K.B. Haugen, B. Marion, B. Engene, and P. Kolstad. 2003. In situ biodegradation of 
petroleum hydrocarbons in frozen arctic soils. Cold Reg. Sci. Technol. 37(2): 97–120. 
Riser-Roberts, E. 1998. Differentiating biotic and abiotic processes. p. 413–414. In Riser-
Roberts, E. (ed.), Remediation of Petroleum Contaminated Soils: Biological, Physical and 
Chemical Processes. CRC Press, Boca Raton. 
Rivkina, E.M., E.I. Friedmann, C.P. McKay, and D.A. Gilichinsky. 2000. Metabolic activity of 
Permafrost Bacteria below the freezing point. Appl. Environ. Microbiol. 66(8): 3230–3233. 
Roberts, T.L., Janzen, and Lindwall. 1992. Nitrogen fertilization of spring wheat by point-
injection. J. Prod. Agric. 5(4): 586–590. 
Rojo, F. 2009. Degradation of alkanes by bacteria: Minireview. Environ. Microbiol. 11(10): 
2477–2490. 
Rondon, M.A., J. Lehmann, J. Ramirez, and M. Hurtado. 2007. Biological nitrogen fixation by 
common beans (Phaseolus vulgaris L.) increases with bio-char additions. Biol. Fertil. Soils 
43(6): 699–708. 
Roy, A.S., R. Baruah, M. Borah, A.K. Singh, H.P. Deka Boruah, N. Saikia, M. Deka, N. Dutta, 
and T. Chandra Bora. 2014. Bioremediation potential of native hydrocarbon degrading 
bacterial strains in crude oil contaminated soil under microcosm study. Int. Biodeterior. 
Biodegrad. 94: 79–89. 
Rumpel, C., V. Chaplot, O. Planchon, J. Bernadou, C. Valentin, and A. Mariotti. 2006. 
Preferential erosion of black carbon on steep slopes with slash and burn agriculture. Catena 
65(1): 30–40. 
123 
Sanscartier, D., B. Zeeb, I. Koch, and K. Reimer. 2009. Bioremediation of diesel-contaminated 
soil by heated and humidified biopile system in cold climates. Cold Reg. Sci. Technol. 
55(1): 167–173. 
Sarkhot, D. V., T.A. Ghezzehei, and A.A. Berhe. 2013. Effectiveness of biochar for sorption of 
ammonium and phosphate from dairy effluent. J. Environ. Qual. 42(5): 1545. 
Schafer, A.N., I. Snape, and S.D. Siciliano. 2009. Influence of liquid water and soil temperature 
on petroleum hydrocarbon toxicity in Antarctic soil. Environ. Toxicol. Chem. 28(7): 1409–
1415. 
Schwab, A.P., J. Su, S. Wetzel, S. Pekarek, and M.K. Banks. 1999. Extraction of petroleum 
hydrocarbons from soil by mechanical shaking. Environ. Sci. Technol. 33(11): 1940–1945. 
Sei, K., Y. Sugimoto, K. Mori, H. Maki, and T. Kohno. 2003. Monitoring of alkane-degrading 
bacteria in a sea-water microcosm during crude oil degradation by polymerase chain 
reaction based on alkane-catabolic genes. Environ. Microbiol. 5(6): 517–522. 
Senjobi, B.A., and A.O. Ogunkunle. 2011. Effect of different land use types and their 
implications on land degradation and productivity in Ogun State, Nigeria. J. Agric. 
Biotechnol. Sustain. Dev. 3(1): 7–18. 
Seo, J.S., Y.S. Keum, R.M. Harada, and Q.X. Li. 2007. Isolation and characterization of bacteria 
capable of degrading polycyclic aromatic hydrocarbons (PAHs) and organophosphorus 
pesticides from PAH-contaminated soil in Hilo, Hawaii. J. Agric. Food Chem. 55(14): 
5383–5389. 
Shan, J., R. Ji, Y. Yu, Z. Xie, and X. Yan. 2015. Biochar, activated carbon, and carbon 
nanotubes have different effects on fate of 14C-catechol and microbial community in soil. 
Sci. Rep. 5: 16000 doi: 10.1038/srep16000. 
Shi, R.Y., Z.N. Hong, J.Y. Li, J. Jiang, M.A. Al Baquy, R.K. Xu, and W. Qian. 2017. 
Mechanisms for increasing the pH buffering capacity of an acidic Ultisol by crop residue-
derived biochars. J. Agric. Food Chem. 65(37): 8111–8119. 
Shi, A., and P. Marschner. 2014. Addition of a clay subsoil to a sandy topsoil changes the 
response of microbial activity to drying and rewetting after residue addition - A model 
experiment. J. Plant Nutr. Soil Sci. 177(4): 532–540. 
Siciliano, S.D., T. Chen, C. Phillips, J. Hamilton, D. Hilger, B. Chartrand, J. Grosskleg, K. 
Bradshaw, T. Carlson, and D. Peak. 2016. Total phosphate influences the rate of 
hydrocarbon degradation but phosphate mineralogy shapes microbial community 
composition in cold-region calcareous soils. Environ. Sci. Technol. 50(10): 5197–5206. 
Siciliano, S.D., A.N. Schafer, M.A.M. Forgeron, and I. Snape. 2008. Hydrocarbon contamination 
increases the liquid water content of frozen antarctic soils. Environ. Sci. Technol. 42(22): 
8324–8329. 
124 
Singh, B., B.P. Singh, and A.L. Cowie. 2010. Characterisation and evaluation of biochars for 
their applications a soil amendment. Soil Res. 48(7): 516–525. 
Sistani, K.R., H. a Torbert, T.R. Way, C.H. Bolster, D.H. Pote, and J.G. Warren. 2004. Broiler 
litter application method and runoff timing effects on nutrient and Escherichia coli losses 
from tall fescue pasture. J. Environ. Qual. 38(3): 1216–23. 
Skjemstad, J.O., D.C. Reicosky, A.R. Wilts, and J.A. McGowan. 2002. Charcoal carbon in U.S. 
agricultural soils. Soil Sci. Soc. Am. J. 66(4): 1249. 
Skodras, G., P. Grammelis, P. Basinas, E. Kakaras, and G. Sakellaropoulos. 2006. Pyrolysis and 
combustion characteristics of biomass and waste-derived feedstock. Ind. Eng. Chem. Res. 
45(11): 3791–3799. 
Smets, W., J.W. Leff, M.A. Bradford, R.L. McCulley, S. Lebeer, and N. Fierer. 2016. A method 
for simultaneous measurement of soil bacterial abundances and community composition via 
16S rRNA gene sequencing. Soil Biol. Biochem. 96: 145–151. 
Smith, J.L., H.P. Collins, and V.L. Bailey. 2010. The effect of young biochar on soil respiration. 
Soil Biol. Biochem. 42(12): 2345–2347. 
Smits, T.H.M., S.B. Balada, B. Witholt, and J.B. an Beilen. 2002. Functional analysis of alkane 
hydroxylases from gram-negative and gram-positive bacteria. J. Bacteriol. 184(6): 1733–
1742. 
Snape, I., L. Acomb, D.L. Barnes, R. Bainbridge, R. Eno, D.M. Filler, N. Plato, J.S. Poland, T.C. 
Raymond, J.L. Rayner, M.J. Riddle, A.G. Rike, A. Rutter, A.N. Schafer, S.D. Siciliano, and 
J.L. Walworth. 2008. Contamination, regulation, and remediation: An introduction to 
bioremediation of petroleum hydrocarbons in cold regions. p. 1–37. In Filler, D.M., Barnes, 
D.L., Snape, I. (eds.), Bioremediation of Petroleum Hydrocarbons in Cold Regions. 
Cambridge University Press, Cambridge. 
Snape, I., C.E. Morris, and C.M. Cole. 2001. The use of permeable reactive barriers to control 
contaminant dispersal during site remediation in Antarctica. Cold Reg. Sci. Technol. 32(2–
3): 157–174. 
Snape, I., M.J. Riddle, D.M. Filler, and P.J. Williams. 2003. Contaminants in freezing ground 
and associated ecosystems: Key issues at the beginning of the new millennium. Polar Rec. 
(Gr. Brit). 39: 291–300. 
Song, Y., F. Wang, Y. Bian, F.O. Kengara, M. Jia, Z. Xie, and X. Jiang. 2012. Bioavailability 
assessment of hexachlorobenzene in soil as affected by wheat straw biochar. J. Hazard. 
Mater. 217–218: 391–397. 
Sopeña, F., K. Semple, S. Sohi, and G. Bending. 2012. Assessing the chemical and biological 
accessibility of the herbicide isoproturon in soil amended with biochar. Chemosphere 88(1): 
77–83. 
125 
Sotsky, J.B., C.W. Greer, and R.M. Atlas. 1994. Frequency of genes in aromatic and aliphatic 
hydrocarbon biodegradation pathways within bacterial populations from Alaskan sediments. 
Can. J. Microbiol. 40(11): 981–985. 
Sparrman, T., M. Oquist, L. Klemedtsson, J. Schleucher, and M. Nilsson. 2004. Quantifying 
unfrozen water in frozen soil by high-field 2H NMR. Environ. Sci. Technol. 38(20): 5420–
5425. 
Spokas, K.A., W.C. Koskinen, J.M. Baker, and D.C. Reicosky. 2009. Impacts of woodchip 
biochar additions on greenhouse gas production and sorption/degradation of two herbicides 
in a Minnesota soil. Chemosphere 77(4): 574–581. 
Steven, B., R. Léveillé, W.H. Pollard, and L.G. Whyte. 2006. Microbial ecology and biodiversity 
in permafrost. Extremophiles 10(4): 259–267. 
Streubel, J.D., H.P. Collins, M. Garcia-Perez, J. Tarara, D. Granatstein, and C.E.E. Kruger. 2011. 
Influence of contrasting biochar types on five soils at increasing rates of application. Soil 
Sci. Soc. Am. J. 75(4): 1402–1413. 
Stroud, J.L., G.I. Paton, and K.T. Semple. 2007. Microbe-aliphatic hydrocarbon interactions in 
soil: Implications for biodegradation and bioremediation. J. Appl. Microbiol. 102(5): 1239–
1253. 
Suliman, W., J.B. Harsh, N.I. Abu-Lail, A.M. Fortuna, I. Dallmeyer, and M. Garcia-Perez. 2016. 
Influence of feedstock source and pyrolysis temperature on biochar bulk and surface 
properties. Biomass and Bioenergy 84: 37–48. 
Szmigielski, A.M., R.D. Hangs, and J.J. Schoenau. 2017. Bioavailability of metsulfuron and 
sulfentrazone herbicides in soil as affected by amendment with two contrasting willow 
biochars. Bull. Environ. Contam. Toxicol. 100(2): 298–302. 
Taketani, R.G., A.B. Lima, E. Da Conceicao Jesus, W.G. Teixeira, J.M. Tiedje, and S.M. Tsai. 
2013. Bacterial community composition of anthropogenic biochar and Amazonian 
anthrosols assessed by 16S rRNA gene 454 pyrosequencing. Antonie van Leeuwenhoek, 
Int. J. Gen. Mol. Microbiol. 104(2): 233–242. 
Thies, J.E., and J.. Grossman. 2006. The soil habitat and soil ecology. p. 100–150. In Uphorff, 
N., Ball, A.S., Fernandes, E., Herren, H., Husson, O., Laing, M., Palm, C., Pretty, J., 
Sanchez, P.A., Sanginga, N., This, J.E. (eds.), Biological Approaches to Sustainable Soil 
Systems. CRC Press, Boca Raton. 
Thies, J.E., and M. Rillig. 2009. Characteristic of biochar: Biological properties. p. 85–107. In
Lehmann, J., Joseph, S. (eds.), Biochar for Environmental Management: Science and 
Technology. Earthscan, London. 
126 
Thies, J.E., M.C. Rillig, and E.R. Graber. 2015. Biochar effects on the abundance, activity and 
diversity of the soil biota. p. 327–390. In Lehmann, J., Joseph, S. (eds.), Biochar for 
Environmental Management: Science, Technology and Implementation. Routledge, 
London. 
Thies, J.E., and K. Suzuki. 2003. Amazonian Dark Earths - Biological Measurements. p. 151–
153. In Lehmann, J., Kern, D., Glaser, B., Woods, W.I. (eds.), Amazonian Dark Earths: 
Origins, Properties, Management. Kluwer Academic Publishers, Dordrect. 
Tian, D., Z.Y. Qu, M.M. Gou, B. Li, and Y.J. Lv. 2015. Experimental study of influence of 
biochar on different texture soil hydraulic characteristic parameters and moisture holding 
properties. Polish J. Environ. Stud. 24(3): 1435–1442. 
Topp, G.C., J.L. Davis, and A.P. Annan. 1980. Electromagnetic determination of soil water 
content: Measurements in coaxial transmission lines. Water Resour. Res. 16(3): 574–582. 
Ulyett, J., R. Sakrabani, M. Kibblewhite, and M. Hann. 2014. Impact of biochar addition on 
water retention, nitrification and carbon dioxide evolution from two sandy loam soils. Eur. 
J. Soil Sci. 65(1): 96–104. 
Uzoma, K.C., M. Inoue, H. Andry, A. Zahoor, and E. Nishihara. 2011. Influence of biochar 
application on sandy soil hydraulic properties and nutrient retention. J. Food, Agric. 
Environ. 9(3–4): 1137–1143. 
Vaccari, F.P., S. Baronti, E. Lugato, L. Genesio, S. Castaldi, F. Fornasier, and F. Miglietta. 2011. 
Biochar as a strategy to sequester carbon and increase yield in durum wheat. Eur. J. Agron. 
34(4): 231–238. 
Verheijen, F., S. Jeffery, A.C. Bastos, M. Van Der Velde, and I. Diafas. 2009. Biochar 
application to soils: a critical scientific review of effects on soil properties, processes and 
functions. p. 1–149. In Verheijen, F. (ed.), EUR 24099 EN. Office for the Official 
Publications of the European Communities, Luxembourg. 
Verheijen, F.G.A., S. Jeffery, M. van der Velde, V. Penížek, M. Beland, A.C. Bastos, and J.J. 
Keizer. 2013. Reductions in soil surface albedo as a function of biochar application rate: 
implications for global radiative forcing. Environ. Res. Lett. 8(4): 044008 
doi:10.1088/1748-9326/8/4/044008. 
Vyas, T.K., and B.P. Dave. 2007. Effect of crude oil concentrations, temperature and pH on 
growth and degradation of crude oil by marine bacteria. Indian J. Mar. Sci. 36(1): 76–85. 
Walworth, J., A. Pond, I. Snape, J. Rayner, S. Ferguson, and P. Harvey. 2007. Nitrogen 
requirements for maximizing petroleum bioremediation in a sub-Antarctic soil. Cold Reg. 
Sci. Technol. 48(2): 84–91. 
Wang, L., J. Meng, Z. Li, X. Liu, F. Xia, and J. Xu. 2017. First “charosphere” view towards the 
transport and transformation of Cd with addition of manure derived biochar. Environ. 
Pollut. 227: 175–182. 
127 
Wang, X., and B. Xing. 2007. Sorption of organic contaminants by biopolymer-derived chars. 
Environ. Sci. Technol. 41(24): 8342–8348. 
Warnock, D.D., J. Lehmann, T.W. Kuyper, and M.C. Rillig. 2007. Mycorrhizal responses to 
biochar in soil - Concepts and mechanisms. Plant Soil 300(1–2): 9–20. 
Warren, G.P., J.S. Robinson, and E. Someus. 2009. Dissolution of phosphorus from animal bone 
char in 12 soils. Nutr. Cycl. Agroecosystems 84(2): 167–178. 
Watzinger, A., S. Feichtmair, B. Kitzler, F. Zehetner, S. Kloss, B. Wimmer, S. Zechmeister-
Boltenstern, and G. Soja. 2014. Soil microbial communities responded to biochar 
application in temperate soils and slowly metabolized 13C-labelled biochar as revealed by 
13C PLFA analyses: Results from a short-term incubation and pot experiment. Eur. J. Soil 
Sci. 65(1): 40–51. 
Wentzel, A., T.E. Ellingsen, H.K. Kotlar, S.B. Zotchev, and M. Throne-Holst. 2007. Bacterial 
metabolism of long-chain n-alkanes. Appl. Microbiol. Biotechnol. 76(6): 1209–1221. 
Whyte, L.G., L.R. Bourbonni, and C.W. Greer. 1997. Biodegradation of petroleum hydrocarbons 
by psychrotrophic Psuedomonas strains possessing both alkane (alk) and naphthalene (nah) 
catabolic pathways. Appl. Environ. Microbiol. 63(9): 3719–3723. 
Whyte, L.G., L. Bourbonnière, C. Bellerose, and C.W. Greer. 1999. Bioremediation assessment 
of hydrocarbon-contaminated soils from the high Arctic. Bioremediat. J. 3(1): 69–80. 
Whyte, L.G., A. Schultz, J.B. Van Beilen, A.P. Luz, V. Pellizari, D. Labbé, and C.W. Greer. 
2002. Prevalence of alkane monooxygenase genes in Arctic and Antarctic hydrocarbon-
contaminated and pristine soils. FEMS Microbiol. Ecol. 41(2): 141–150. 
Wickham, H. 2009. ggplot2: Elegant graphics for data analysis. Springer-Verlag, New York. 
Yang, S.Z., H.J. Jin, Z. Wei, R.X. He, Y.J. Ji, X.M. Li, and S.P. Yu. 2009. Bioremediation of oil 
spills in cold environments: A review. Pedosphere 19(3): 371–381. 
Yang, J., B. Pan, H. Li, S. Liao, D. Zhang, M. Wu, and B. Xing. 2016a. Degradation of p-
nitrophenol on biochars: Role of persistent free radicals. Environ. Sci. Technol. 50(2): 694–
700. 
Yang, Y., and G. Sheng. 2003. Enhanced pesticide sorption by soils containing particulate matter 
from crop residue burns. Environ. Sci. Technol. 37(16): 3635–3639. 
Yang, S., X. Wen, Y. Shi, S. Liebner, H. Jin, and A. Perfumo. 2016b. Hydrocarbon degraders 
establish at the costs of microbial richness, abundance and keystone taxa after crude oil 
contamination in permafrost environments. Sci. Rep. 6: 37473 doi:10.1038/srep37473. 
Yao, Y., B. Gao, M. Zhang, M. Inyang, and A.R. Zimmerman. 2012. Effect of biochar 
amendment on sorption and leaching of nitrate, ammonium, and phosphate in a sandy soil. 
Chemosphere 89(11): 1467–1471. 
128 
Yao, Q., J. Liu, Z. Yu, Y. Li, J. Jin, X. Liu, and G. Wang. 2017. Three years of biochar 
amendment alters soil physiochemical properties and fungal community composition in a 
black soil of northeast China. Soil Biol. Biochem. 110: 56–67. 
Yeboah, E., P. Ofori, G.W. Quansah, E. Dugan, and S.P. Sohi. 2009. Improving soil productivity 
through biochar amendments to soils. African J. Environ. Sci. Technol. 3(2): 34–41. 
Yergeau, E., M. Arbour, R. Brousseau, D. Juck, J.R. Lawrence, L. Masson, L.G. Whyte, and 
C.W. Greer. 2009. Microarray and real-time PCR analyses of the responses of high-arctic 
soil bacteria to hydrocarbon pollution and bioremediation treatments. Appl. Environ. 
Microbiol. 75(19): 6258–6267. 
Yergeau, E., S. Sanschagrin, D. Beaumier, and C.W. Greer. 2012. Metagenomic analysis of the 
bioremediation of diesel-contaminated canadian high arctic soils. PLoS One 7(1): e30058 
doi: 10.1371/journal.pone.0030058. 
Yoshizawa, S., S. Tanaka, M. Ohata, S. Mineki, S. Goto, K. Fujioka, and T. Kokubun. 2006. 
Promotion effect of various charcoals on the proliferation of composting microorganisms. 
Tanso 224: 261–265. 
Yu, O.Y., M. Harper, M. Hoepfl, and D. Domermuth. 2017a. Characterization of biochar and its 
effects on the water holding capacity of loamy sand soil: Comparison of hemlock biochar 
and switchblade grass biochar characteristics. Environ. Prog. Sustain. Energy 36(5): 1474–
1479. 
Yuan, S.Y., L.M. Su, and B. V Chang. 2009. Biodegradation of phenanthrene and pyrene in 
compost-amended soil. J. Environ. Sci. Health. A. Tox. Hazard. Subst. Environ. Eng. 44(7): 
648–53. 
Yu, O.Y., B. Raichle, and S. Sink. 2013. Impact of biochar on the water holding capacity of 
loamy sand soil. Int. J. Energy Environ. Eng. 4(1): 1–9. 
Yu, G., D.K. Smith, H. Zhu, Y. Guan, and T.T.Y. Lam. 2017b. ggtree: an r package for 
visualization and annotation of phylogenetic trees with their covariates and other associated 
data. Methods Ecol. Evol. 8(1): 28–36. 
Yu, Z., G.R. Stewart, and W.W. Mohn. 2000. Apparent contradiction: Psychrotolerant bacteria 
from hydrocarbon-contaminated Arctic tundra soils that degrade diterpenoids synthesized 
by trees. Appl. Environ. Microbiol. 66(12): 5148–5154. 
Zackrisson, O., M.-C. Nilsson, and D.A. Wardle. 1996. Key ecological function of charcoal from 
wildfire in the Boreal forest. Oikos 77(1): 10–19. 
Zhang, Q.Z., F.A. Dijkstra, X.R. Liu, Y.D. Wang, J. Huang, and N. Lu. 2014a. Effects of biochar 
on soil microbial biomass after four years of consecutive application in the north China 
Plain. PLoS One 9(7): e102062 doi: 10.1371/journal.pone.0102062. 
129 
Zhang, Y., X. Hu, J. Zou, D. Zhang, W. Chen, Y. Liu, Y. Chen, and X. Wang. 2017. Response of 
surface albedo and soil carbon dioxide fluxes to biochar amendment in farmland. J. Soils 
Sediments: doi: 10.1007/s11368-017-1889-8. 
Zhang, C., C. Lai, G. Zeng, D. Huang, C. Yang, Y. Wang, Y. Zhou, and M. Cheng. 2016. 
Efficacy of carbonaceous nanocomposites for sorbing ionizable antibiotic sulfamethazine 
from aqueous solution. Water Res. 95: 103–112. 
Zhang, H., K. Lin, H. Wang, and J. Gan. 2010. Effect of Pinus radiata derived biochars on soil 
sorption and desorption of phenanthrene. Environ. Pollut. 158(9): 2821–2825. 
Zhang, H., R.P. Voroney, and G.W. Price. 2014b. Effects of biochar amendments on soil 
microbial biomass and activity. J. Environ. Qual. 43(6): 2104–2114. 
Zhang, Q., Y. Wang, Y. Wu, X. Wang, Z. Du, X. Liu, and J. Song. 2013. Effects of biochar 
amendment on soil thermal conductivity, reflectance, and temperature. Soil Sci. Soc. Am. J. 
77(5): 1478–1487. 
Zheng, J., J. Chen, G. Pan, X. Liu, X. Zhang, L. Li, R. Bian, K. Cheng, and Z. Jinwei. 2016. 
Biochar decreased microbial metabolic quotient and shifted community composition four 
years after a single incorporation in a slightly acid rice paddy from southwest China. Sci. 
Total Environ. 571: 206–217. 
Zheng, H., Z. Wang, X. Deng, J. Zhao, Y. Luo, J. Novak, S. Herbert, and B. Xing. 2013. 
Characteristics and nutrient values of biochars produced from giant reed at different 
temperatures. Bioresour. Technol. 130: 463–471. 
130 
APPENDIX A. SUPPLEMENTAL MATERIAL (CHAPTER 3) 
A.1 CCME CWS for Petroleum Hydrocarbons in Soil 
Petroleum hydrocarbons (PHCs) are separated into fractions based on their relevant 
physical and chemical properties and toxicological characteristics.  For the purposes of the 
Canadian Council of Ministers of the Environment (CCME) Canada-wide standards (CWS), 
aliphatic and aromatic PHCs are grouped according to normal straight chain hydrocarbon boiling 
point ranges; Fraction 1 (F1): C6-C10; Fraction 2 (F2): > C10-C16; Fraction 3 (F3): > C16-C34, and; 
Fraction 4 (F4): > C34 (CCME, 2008).  Generally, F1 and F2-PHCs contain low molecular 
weight compounds which are more soluble and volatile, while F3 and F4-PHCs contain high 
molecular weight compounds, which immobilize and persist in the environment.  The 
Government of Nunavut’s remedial guidelines are based on the CCME CWS for PHCs in soil.  
The guidelines were developed for four generic land uses; residential (residential or recreational 
activity), agricultural (producing crops or tending livestock), commercial (free access to 
members of the public) and industrial (production, manufacture or construction of goods), and 
two soil textures; coarse (> 75 µm) and fine (≤ 75 µm) -grained soils (CCME, 2008).  For each 
land use and soil texture, separate, conservative guidelines for acceptable contamination levels 
have been established for F1-F4 PHCs (Table A.1).  The most relevant guidelines are residential 
land use, coarse-grained soils as remediated soil is often returned to residential areas and soils 
are coarse-textured (> 90% sand). 
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Table A.1  A summary of Tier 1 petroleum hydrocarbon (PHC) standards, in 
mg kg-1, for surface soil, by land use and soil texture (adapted from CCME, 2008). 
Land Use Soil Texture 
CCME Fraction 
F1 F2 F3 F4 
------------- mg kg-1 --------------- 
Agricultural 
Coarse-grained 30 150 300 2,800 
Fine-grained 210 150 1,300 5,600 
Residential Coarse-grained 30 150 300 2,800 
Fine-grained 210 150 1,300 5,600 
Commercial 
Coarse-grained 320 260 1,700 3,300 
Fine-grained 320 260 2,500 6,600 
Industrial Coarse-grained 320 260 1,700 3,300 
Fine-grained 320 260 2,500 6,600 
A.2 Petroleum Hydrocarbon Degradation in Thawed Soils 
In thawed soils, there was no significant F2 or F3-PHC degradation over time (Fig. A.1, 
ANOVA, P > 0.05).  Although insignificant, it appears that fertilizer and 5% compost had the 
greatest F2-PHC removal while 5% compost had the greatest F3-PHC removal.  Relative 
standard deviations in each treatment were very high (up to 52% and 28% for F2 and F3-PHCs, 
respectively). 
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Fig. A.1  Petroleum hydrocarbon (PHC) concentrations, in mg kg-1, were measured in soil 
incubated under thawed conditions (10 °C) over a 90 day period.  Five treatments, 
fertilizer, 5% (w/w) compost + fertilizer, 10% (w/w) compost + fertilizer, 6% (w/w) meat 
and bonemeal (MBM) + fertilizer, and 3% (w/w) MBM biochar + fertilizer, were applied.  
Each point is the average concentration (n = 8) of (A) F2-PHCs (C10-C16) and 
(B) F3-PHCs (C16-C34), with standard error bars representing the standard error of the 
mean. 
A
F2
-P
H
C
 (m
g 
kg
-1
)
100
150
200
250
300
time vs F2 
time vs fert 
time vs ch 
time vs cl 
time vs bh  
time vs bl 
Days
0 30 60 90
F3
-P
H
C
 (m
g 
kg
-1
)
300
400
500
600
700
Fertilizer
10% Compost
5% Compost
6% MBM Biochar
3% MBM Biochar
B
133 
APPENDIX B. SUPPLEMENTAL MATERIAL (CHAPTER 4) 
B.1 Biochar Application Methods 
Biochar applied as slurries that are injected, incorporated, or top-dressed are summarized 
in Table B.1.  Practically, only injected and incorporated slurries were used for field 
experiments, as these application methods were most logistically suited for the two northern 
locations.
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Table B.1  A comparison of various application technologies used to apply biochar to soil.
Method Technique Advantages Disadvantages References 
Incorporation 
(Neat) 
Biochar is applied 
neat (without 
additional water) and 
homogenized into the 
soil. 
Biochar can be applied 
using a variety of 
equipment and a water 
source is not required. 
Powder fraction can be lost 
during transport or application 
and soil must be turned 
periodically. 
Husk and Major, 2011. 
Point Injection 
Inject biochar slurry 
into soil; it should 
diffuse throughout 
the soil. 
Eliminates need for 
mixing and turning. 
Biochar can be applied 
in-situ. 
Biochar is concentrated in one 
area and could have limited 
diffusion from the injection 
point. Flow blockages can occur 
if biochar particles are too large 
or application rate is too high. 
Janzen and Lindwall, 
1989; Major, 2010. 
Incorporation 
(Slurry) 
Biochar slurry is 
homogenized into the 
soil for even 
distribution of 
biochar. 
Viable application 
method for ex-situ
operations. 
Soil must be turned periodically.  Major, 2010. 
Top-dressing 
Biochar slurry is 
applied to the surface 
of the soil, even on 
sloping terrain. 
Eliminates mixing and 
turning while supplying 
moisture. Biochar can be 
applied in-situ. 
Intense precipitation can erode 
biochar from steep slopes or 
even level surfaces. 
Major, 2010;        
Blackwell, 2009; 
Lehmann, 2009;  
Stewart, 2013. 
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B.2 Soil and Biochar Characteristics 
Soil properties from landfarms in Whitehorse, YT and Iqaluit, NU (Table B.2) and biochar 
and compost amendment properties (Table B.3) were measured.  Those measured include 
texture, pH, total organic carbon, and available nutrients (NO3--N and PO43--P), while 
amendment properties include pH, pyrolysis temperature, Brunauer-Emmet-Teller surface area, 
average pore volume, average pore size, cation exchange capacity, and ash content. 
Table B.2  Soil characteristics at Whitehorse, YT 
and Iqaluit, NU. 
Soil Property Whitehorse Iqaluit 
Texture SL S 
pH  8.28 8.11 
TOC† (%) 0.32 0.38 
NO3--N‡ (mg kg-1) 3.4 1.9 
PO43--P (mg kg-1) 2.0 6.2 
†Total organic carbon  
‡Available NO3--N was extracted using calcium chloride; 
available PO43--P was extracted using modified Kelowna 
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Table B.3  Characterization of biochar and compost amendments used in laboratory and field studies. 
Amendment Property 
Biochar Amendments Compost Amendments 
Titan 
Fishmeal 
Zakus 
Bonemeal£ Zakus Wood
Boreal 
Compost§
Iqaluit 
Compost§ 
pH 9.0 9.5 8.9 8.2 7.4 
Pyrolysis temperature (°C) 500 450 450 - - 
BET surface area† (m2 g-1) 7.1 110 78 - - 
Pore volume (cm3 g-1) 0.025 0.299 0.006 - - 
Pore size (nm) 13.4 10.6 2.2 - - 
CEC‡ (cmolc kg-1) 54 48 7 90 90 
Ash (%) 32 82 54 - - 
†BET = Brunauer-Emmet-Teller 
‡CEC = cation exchange capacity 
£Average of two different feedstocks used over the course of laboratory and field studies. 
§Only pH and CEC were measured in compost amendments.
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B.3 Field Trial Schematic 
To aid visualization, a schematic summarizing site locations, average climatic conditions, 
and field trials is presented (Fig. B.1). 
Fig. B.1  A summary schematic summarizing site locations, average climatic conditions, 
and field trials.  Treatments are abbreviated as: fertilizer (F), 3% Titan fishmeal biochar + 
fertilizer (3TF), 6% Titan fishmeal biochar + fertilizer (6TF), 6% Titan fishmeal biochar + 
5% compost + fertilizer (6TF+5C), 6% Zakus bonemeal biochar + fertilizer (6ZB), and 
6% Zakus wood biochar + fertilizer (6ZW), while application methods are abbreviated as: 
incorporation (INCORP) and injection (INJECT).  Map and average climatic condition 
were obtained from Government of Canada online resources. 
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B.4 Petroleum Hydrocarbon Analytical and Quality Control Procedures 
Two different PHC extraction methods were utilized during the completion of the 
laboratory and field trials. Petroleum hydrocarbons were extracted from Whitehorse soil samples 
at the Yukon Research Center using a mechanical shaking method (Schwab et al., 1999), while a 
hexane shaking method was used at the University of Saskatchewan to extract PHC from Iqaluit 
soil samples (Mcintyre et al., 2007).  Average C10, C16, and C34 spike recoveries from both 
methods are presented in Table B.4. 
Table B.4  Comparison of average spike recoveries 
from sterile quartz sand spiked with C10, C16, and C34
petroleum hydrocarbon (PHC) standards, using 
mechanical and hexane shaking methods. 
Method Average Spike Recovery C10 C16 C34
--------------------- % -------------------- 
Mechanical Shaking 96.3 94.7 68.9 
Hexane Shaking 92.3 93.3 69.0 
B.4.1 Mechanical Shaking Method 
Approximately 2 g of field moist soil was weighed into a glass scintillation vial, 
acetone (10 mL) was added to each vial and it was placed on an Eberbach E-6010 fixed-speed 
reciprocal shaker (EberbachTM Corporation, Ann Arbor, MI) for 1 hr at 120 cycles min-1.  The 
contents were then transferred to a 15 mL Falcon® tube and centrifuged for 10 min at 1500 rpm.  
The extract was decanted and another 10 mL of acetone was added and the shaking process 
repeated.  To remove water and polar organic compounds from the sample, a PHC cleanup 
procedure outlined by CCME (2008) was followed.  First, glass wool was inserted into the tip of 
a 50 cm glass column and 8 g anhydrous sodium sulphate was added.  The PHC extract was then 
added to the column and eluted with 10 mL of hexane which was collected in a round bottom 
flask.  Approximately 1.8 mL of toluene was added to the eluted material in preparation to 
evaporate the sample using a Buchi® R-210 Rotavapor® (Buchi Corporation., New Castle, DE).  
To further purify the sample, glass wool was inserted into the tip of a 50 cm glass column and 
filled with 5 g of silica gel (previously baked at 100°C for 24 hrs and stored in a desiccator) 
overlain by 2.5 g of anhydrous sodium sulphate.  The sample was then transferred to the column, 
eluted with 40 mL of hexane and collected in a round bottom flask.  Finally, the eluted material 
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was evaporated to 1.0-1.8 mL and transferred to a 2 mL GC vial.  To ensure quality control, a 
blank and reference spike, were extracted every 20 samples. 
B.4.2 Hexane Shaking Method 
Approximately 10 g of field moist soils were mixed with 10 mL each of water and hexane 
in 30 mL Teflon® tubes, shaken at 200 rpm overnight on a Barnstead-Labline rotator (Thermo 
Scientific, Lenexa, KS) and centrifuged for 10 mins at 1500 rpm.  An aliquot of the hexane layer 
was pipetted from the tube and transferred to a 2 mL gas chromatography (GC) vial.  To ensure 
quality control, a blank and reference spike were extracted every 20 samples. 
B.5 qPCR Reaction and Amplification Conditions 
Functional gene abundance was quantified for alkane monooxygenase (alkB) (Powell et al., 
2006a), catechol 2,3 dioxygenase (C2,3O) (Baldwin et al., 2003), and naphthalene 
dioxygenase (nahAc) (Whyte et al., 1997; Luz et al., 2004).  To generate a quantitative 
polymerase chain reaction (qPCR) gene reaction mix, 4 µL template DNA was added to a 15 µL 
final volume mixture containing QuantiTect SYBR® Green RT-PCR Kit (Qiagen, Valencia, CA), 
betaine or bovine serum albumin (BSA) and 1 µM each of forward and reverse primers.  After 
10 minutes initial denaturing at 94 °C, amplification proceeded with 40 cycles of 1 minute 
denaturing at 94 °C, 30 seconds annealing at the appropriate temperature, 1 minute extension at 
72 °C, followed by a melt curve analysis for 15 seconds at 95 °C, 1 minute at 60 °C and 
15 seconds at 95 °C (Table B.5).  Both C2,3O and nahAc genes required touchdown qPCR from 
the appropriate annealing temperature.  Quality control measures included matrix blanks and a 
standard curve prepared in triplicate, ranging from 108 to 101 gene copies µL-1.  All PCR 
fragments were visualized on SYBR® Safe-stained 1.5% agarose gels to ensure target gene 
amplification. 
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Table B.5  Primers and amplification conditions used for quantitative polymerase chain 
reaction (qPCR) amplification of alkane monooxygenase (alkB), catechol 2,3 dioxygenase (C2,3O), 
and naphthalene dioxygenase (nahAc). 
Target gene ‡Ta Primer Expected size Control 
Strain †Primer sequence (°C) (µM) (bp) 
Alkane monooxygenase (alkB) 50.0 1.0 100 P. putida 
F: 5'- AAC TAC ATC CGA GCA CTA CGG ATCC 29347 
R: 5'- TGA AGA TGT GGT TGC TGT TCC 
Catechol 2,3 dioxygenase (C2,3O) 65.6 1.0 406 P. putida 
F: 5'- AGG TGC TCG GTT TCT ACC TGG CCGA ATCC 29347 
R: 5'- ACG GTC ATG AAT CGT TCG TTG AG 
Naphthalene dioxygenase (nahAc) 47.0 1.0 377 P. putida 
F: 5'- CAA AAR CAC CTG ATT YAT GG ATCC 17484 
R: 5'- AYR CGR GSG ACT TCT TTC AA 
†Forward (F) and reverse (R) primers are indicated.  
‡Ta = annealing temperatures used during real-time PCR.  
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B.6 CCME CWS for Petroleum Hydrocarbons in Soil 
For the purposes of the Canadian Council of Ministers of the Environment (CCME) 
Canada-wide standards (CWS), aliphatic and aromatic petroleum hydrocarbons (PHCs) are 
grouped according to normal straight chain hydrocarbon boiling point ranges; Fraction 1 (F1): 
C6-C10; Fraction 2 (F2): > C10-C16; Fraction 3 (F3): > C16-C34 and Fraction 4 (F4): > C34 (CCME, 
2008).  The guidelines were developed for four generic land uses; residential (residential or 
recreational activity), agricultural (producing crops or tending livestock), commercial (free 
access to members of the public), and industrial (production, manufacture or construction of 
goods), and two soil textures; coarse (> 75 µm) and fine (≤ 75 µm) (CCME, 2008).  For each 
land use and soil texture, separate, conservative guidelines for acceptable contamination levels 
have been established for F1-F4 PHCs (Table B.6).  The most relevant guidelines are residential 
land use and coarse-grained soils as remediated soil is often returned to residential areas and 
experimental soils are coarse-textured (> 90% sand). 
Table B.6  A summary of Tier 1 petroleum hydrocarbon (PHC) standards, in 
mg kg-1, for surface soil, by land use and soil texture (adapted from CCME, 2008). 
Land Use Soil Texture 
CCME Fraction 
F1 F2 F3 F4 
------------- mg kg-1 --------------- 
Agricultural Coarse-grained 30 150 300 2,800 
Fine-grained 210 150 1,300 5,600 
Residential 
Coarse-grained 30 150 300 2,800 
Fine-grained 210 150 1,300 5,600 
Commercial Coarse-grained 320 260 1,700 3,300 
Fine-grained 320 260 2,500 6,600 
Industrial 
Coarse-grained 320 260 1,700 3,300 
Fine-grained 320 260 2,500 6,600 
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B.7 Biomarker Analysis 
Over time, PHC reductions in soil were a result of microbial catabolism, rather than 
volatilization, regardless of application method or treatment.  For example, in the Biochar 
Application Trial, C17/Pr ratios showed a significant decreasing trend in all treatments, with an 
average of 1.283 at Day 0 to 0.678 at Day 304 (Fig. B.2; ANOVA, P < 0.05).  Similarly, C18/Ph 
ratios also significantly decreased in all treatments from an average of 1.243 at Day 0 to 0.469 at 
Day 304 (Fig. B.2, ANOVA, P < 0.05).  The complete removal of iso-alkanes, pristane and 
phytane, by Day 304 occurred in all but one incorporated treatment whereas only one injected 
treatment exhibited this behavior.  The disappearance of these compounds combined with 
significant reduction in PHC concentrations in soil by Day 31 suggests that microbial 
degradation proceeded more quickly in incorporated treatments.  It is well established that ex-situ 
bioremediation is a viable remediation strategy in harsh, northern environments and that 
fertilization of PHC contaminated soil can successfully increase bioremediation rates.  Paudyn et 
al. (2008) monitored C17/Pr in aerated trial landfarm plots in Iqaluit and found that isoprenoid 
ratios decreased in fertilized plots but not in unfertilized plots.  Similarly, Ferguson et al. (2003) 
found that low nutrient concentration rather than water was the main limiting factor for PHC 
degradation in Antarctic soil incubated at 10 °C.  All soils contain the same amount of fertilizer, 
so it is expected that nutrients will not be a limiting factor, rather, that either application method 
or biochar additions would change isoprenoid ratios over time, but these factors were not 
significant. 
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Fig. B.2  Isoprenoid ratios C17/Pr and C18/Ph measured in Iqaluit over 304 days.  Symbols 
represent the mean (n = 6), with the error bars representing the standard error of the 
mean.  Different letters indicate significantly lower C17/Pr and C18/Ph isoprenoid ratios 
over time (ANOVA, P < 0.05). 
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B.8 Petroleum Hydrocarbon Degradation 
B.8.1 Biochar Type Trial 
PHC degradation was evident over time in the Biochar Type field trials, but biochar type 
differences were only detected in F2-PHCs (Fig. B.3).  For example, average F2-PHCs in Iqaluit 
were the same in the fertilizer control and biochar types, but biochar type differences resulted 
between 6% Titan fishmeal plus fertilizer (454 mg kg-1 [SE = 111]) and 3% Titan fishmeal plus 
fertilizer (575 mg kg-1 [SE = 129]) (ANOVA, P < 0.05). 
145 
Fig. B.3  In the Biochar Type Trial, F2 and F3-petroleum hydrocarbon (PHC) 
concentration in soil were measured in Iqaluit (Graphs A-B) and Whitehorse (Graph C).  
Treatments included fertilizer (F), 3% Titan fishmeal biochar plus fertilizer (3TF), 
6% Titan fishmeal biochar plus fertilizer (6TF), 6% Titan fishmeal biochar plus 
5% compost plus fertilizer (6TFC), and 6% Zakus wood biochar plus fertilizer (6ZW).  
Bars represent the mean (n = 5), with the error bars representing the standard error of the 
mean.  Different letters indicate significantly different F2 and F3-PHC concentrations 
between treatments (ANOVA, P < 0.05). 
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B.8.2 Pilot Study 
All biochar types had less average F2 and F3-PHCs in soil when compared to the fertilizer 
control (Fig. B.4, ANOVA, P < 0.05).  For example, the fertilizer control had an average of 
721 mg kg-1 (SE = 56) F2-PHCs, while 6% Titan fishmeal biochar plus fertilizer, 6% Zakus 
bonemeal biochar plus fertilizer and 6% Zakus wood biochar plus fertilizer had an average of 
511 (SE = 31), 466 (SE = 39) and 536 (SE = 35) mg kg-1 F2-PHCs, respectively. 
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Fig. B.4  Average F2 and F3-petroleum hydrocarbon (PHC) concentration in biochar plus 
fertilizer-amended soils and the fertilizer control under frozen conditions.  Treatments 
included fertilizer (F), 6% Titan fishmeal biochar plus fertilizer (6TF), 6% Zakus 
bonemeal biochar plus fertilizer (6ZB) and 6% Zakus wood biochar plus fertilizer (6ZW).  
Bars represent the mean (n = 5), with the error bars representing the standard error of the 
mean.  Different letters indicate significantly different average F2 and F3-PHC 
concentrations between treatments (ANOVA, P < 0.05). 
148 
B.9 Nutrient Supply Rates 
In the Biochar Application Trial in Whitehorse, NO3--N and PO43--P availability differed 
significantly between treatments (ANOVA, P < 0.05).  The availability of NO3--N was greater in 
6% Zakus bonemeal and wood biochars plus fertilizer than the fertilizer control, but 6% Titan 
fishmeal biochar plus fertilizer was not different (Fig. B.5).  The availability of PO43--P was 
significantly higher in 6% Titan fishmeal biochar plus fertilizer when compared to 
fishmeal-derived biochar and the fertilizer control but was not different than wood-derived 
biochar (ANOVA, P < 0.05). 
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Fig. B.5  Nutrient supply rates in Whitehorse in the Biochar Application Trial.  Treatments 
included fertilizer (F), 6% Titan fishmeal biochar plus fertilizer (6TF), 6% Zakus 
bonemeal biochar plus fertilizer (6ZB), and 6% Zakus wood biochar plus fertilizer (6ZW).  
Bars represent the mean, with error bars representing the standard error of the mean.  
Different letters indicate significantly different nutrient availabilities between 
treatments (ANOVA, P < 0.05). 
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B.10 Functional Gene Abundance 
In the Biochar Application Trial, average aromatic (C2,3O and nahAc) functional gene 
abundance was higher in incorporated treatments in Iqaluit, while alkB and nahAc were higher in 
injected treatments in Whitehorse (Fig. B.6).  Treatment significantly affected C2,3O and alkB in 
Iqaluit and Whitehorse, respectively (Fig. B.7, ANOVA, P < 0.05).  In Iqaluit, 6% Zakus wood 
biochar plus fertilizer had greater C2,3O abundance than the fertilizer control, but not more than 
6% Titan fishmeal biochar plus fertilizer (Fig. B.7A).  In Whitehorse, there was no difference in 
alkB abundance when comparing biochar types and the fertilizer control, but 6% Zakus 
bonemeal biochar plus fertilizer contained lower abundance than 6% Titan fishmeal biochar plus 
fertilizer, but not 6% Zakus wood biochar plus fertilizer (Fig. B.7B).  All other genes, alkB and 
nahAc in Iqaluit, and C2,3O and nahAc in Whitehorse, did not differ significantly between 
treatments (ANOVA, P > 0.05).  It was expected to observe different trends between locations as 
the soils were contaminated in Iqaluit, but not in Whitehorse. 
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Fig. B.6  In the Biochar Application Trials, aliphatic and aromatic functional gene 
abundance was compared between two application methods, injection (INJECT) and 
incorporation (INCORP), in Iqaluit and Whitehorse.  The following functional genes were 
quantified: alkane monooxygenase (alkB), catechol 2,3 dioxygenase (C2,3O), and 
naphthalene dioxygenase (nahAc).  Bars represent the mean, with error bars representing 
the standard error of the mean.  Different letters indicate significantly different functional 
gene abundance between application methods (ANOVA, P < 0.05). 
152
Fig. B.7  Alkane monooxygenase (alkB) and catechol 2,3 dioxygenase (C2,3O) functional gene abundance was quantified in the 
Biochar Application Trial in (A) Iqaluit and (B) Whitehorse.  Treatments included fertilizer (F), 6% Titan fishmeal biochar 
plus fertilizer (6TF), 6% Zakus bonemeal biochar plus fertilizer (6ZB), and 6% Zakus wood biochar plus fertilizer (6ZW).  
Bars represent the mean, with error bars representing the standard error of the mean.  Different letters indicate significantly 
different functional gene abundance between treatments (ANOVA, P < 0.05). 
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B.11 Temperature and Liquid Water Content 
In Whitehorse, liquid water content (θliquid) was highest when 6% Titan fishmeal biochar 
plus fertilizer was incorporated (Table B.7, ANOVA, P > 0.05).  Treatment differences were 
evident in both the Biochar Application Trial and Biochar Type Trial when measuring soil 
temperature and θliquid (Fig. B.8).  Temperature and θliquid measurements were only taken in 
uncontaminated soil at the Whitehorse site due to personnel and technological restraints in 
Iqaluit. 
Table B.7  Average liquid water content (θliquid), in %, in 
injected (INJECT) and incorporated (INCORP) treatments across one 
field season in the Biochar Application Trial.  Different letters indicate 
significantly different θliquid between treatments and application 
methods (ANOVA, P < 0.05). 
Treatment θliquid INJECT INCORP 
---------- % --------- 
Fertilizer 11.2b 9.7b
6% Titan Fishmeal biochar plus fertilizer 9.6b 13.8a 
6% Zakus bonemeal biochar plus fertilizer 9.2b 9.3b 
6% Zakus wood biochar plus fertilizer 9.1b 10.0b 
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Fig. B.8  Average temperature and liquid water content (θliquid) by treatment, across one 
field season in the Biochar Application Trial (Graphs A-B) and Biochar Type 
Trial (Graphs C-D).  Treatments included fertilizer (F), 3% Titan fishmeal biochar plus 
fertilizer (3TF), 6% Titan fishmeal biochar plus fertilizer (6TF), 6% Titan fishmeal 
biochar plus 5% compost plus fertilizer (6TFC), 6% Zakus bonemeal biochar plus 
fertilizer (6ZB), and 6% Zakus wood biochar plus fertilizer (6ZW).  Bars represent the 
mean, with error bars representing the standard error of the mean.  Different letters 
indicate significantly different temperature and/or θliquid between treatments (ANOVA, 
P < 0.05). 
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APPENDIX C. SUPPLEMENTAL MATERIAL (CHAPTER 5) 
C.1 Nutrients 
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Fig. C.1  After 90 days incubation at -5 °C, the following extractable nutrients: 
(A) ammonium (NH4+-N), (B) nitrate (NO3--N), and (C) phosphate (PO43--P), in µg g-1, were 
quantified in the bulk soil, charosphere soil, and biochar particles of a control and biochar 
treatments.  Bars represent the mean (n = 5), with the error bars representing the standard 
error of the mean.  Different letters indicate significantly different nutrient 
concentrations (ANOVA, P < 0.05). 
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C.2 Functional Gene Abundance 
Fig. C.2  After 90 days incubation at -5 °C, functional gene abundance for the following 
genes: (A) catechol 2,3 dioxygenase (C2,3O), (B) naphthalene dioxygenase (nahAc), and 
(C) RNA polymerase beta subunit (rpoB), in log10(copies g-1), was quantified in the bulk 
soil, charosphere, and biochar particles of a control and biochar treatments.  Bars 
represent the mean (n = 5), with the error bars representing the standard error of the 
mean.  Different letters indicate significantly different functional gene 
abundance (ANOVA, P < 0.05). 
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C.3 Diversity Indices 
Table C.1  Average (mean ± standard error) diversity indices, which were normalized to 
A. fischeri and rarefied.  There were no significant differences between treatments and/or 
sampling locations (ANOVA, P > 0.05). 
Treatment n Chao Richness 
Simpson’s 
Diversity 
Shannon’s 
Diversity  J-Evenness E-Evenness 
---------------------------------------- Bulk Soil ---------------------------------------- 
Control 5 615 ± 25 0.81 ± 0.09 2.73 ± 0.44 0.54 ± 0.07 0.12 ± 0.02 
Fishmeal 5 547 ± 66 0.89 ± 0.01 3.07 ± 0.05 0.58 ± 0.01 0.11 ± 0.01 
Bonemeal 5 602 ± 65 0.87 ± 0.03 2.85 ± 0.25 0.56 ± 0.04 0.12 ± 0.02 
Bone Chip 5 556 ± 79 0.81 ± 0.08 2.64 ± 0.33 0.50 ± 0.06 0.08 ± 0.01 
Wood 5 621 ± 24 0.90 ± 0.01 3.07 ± 0.09 0.59 ± 0.03 0.13 ± 0.03 
-------------------------------------- Charosphere -------------------------------------- 
Control 5 543 ± 55 0.73 ± 0.11 2.30 ± 0.52 0.47 ± 0.08 0.10 ± 0.02 
Fishmeal 5 582 ± 49 0.85 ± 0.03 2.81 ± 0.15 0.56 ± 0.02 0.11 ± 0.01 
Bonemeal 5 460 ± 80 0.88 ± 0.02 2.87 ± 0.14 0.55 ± 0.02 0.10 ± 0.01 
Bone Chip 5 563 ± 82 0.89 ± 0.01 3.00 ± 0.07 0.57 ± 0.01 0.11 ± 0.01 
Wood 5 657 ± 18 0.90 ± 0.03 3.16 ± 0.26 0.63 ± 0.04 0.17 ± 0.03 
---------------------------------------- Biochar ---------------------------------------- 
Control NA NA NA NA NA NA 
Fishmeal 5 608 ± 36 0.73 ± 0.10 2.36 ± 0.45 0.47 ± 0.07 0.09 ± 0.02 
Bonemeal 5 524 ± 76 0.87 ± 0.02 2.81 ± 0.13 0.56 ± 0.02 0.11 ± 0.01 
Bone Chip 5 568 ± 35 0.70 ± 0.13 2.27 ± 0.51 0.45 ± 0.09 0.09 ± 0.03 
Wood 5 574 ± 41 0.73 ± 0.09 2.25 ± 0.31 0.47 ± 0.06 0.09 ± 0.03 
n = number of samples 
NA = not applicable 
